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ABSTRACT
THE CHARACTERIZATION OF TRAITS ASSOCIATED WITH FREEZING
TOLERANCE IN PERENNIAL RYEGRASS

SEPTEMBER 2021
RACHAEL PRESTON BERNSTEIN, B.S., UNIVERSITY OF MASSACHUSETTS
AMHERST

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Michelle DaCosta

Throughout their life cycle, plants are constantly subjected to adverse
environmental conditions that alter their growth and productivity. It is estimated that
approximately 50% of annual average crop yields are reduced due to abiotic stresses,
forcing farmers to compete with the variability of their environment. Of the various
abiotic stresses, temperature, drought and salinity are the most prevalent. Freezing stress
causes desiccation and ice damage in plant tissue, and is becoming an increasingly key
issue as temperatures and unpredictable weather patterns increase. Normally, plants
acclimate to cold temperatures as winter approaches and deacclimate as temperatures
warm in the spring. A period of cold acclimation in fall and early winter months is
required for a plant to build up its cellular defenses against desiccation and intracellular
ice formation, while deacclimation is the process in which plants metabolize protective
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compounds for regrowth during spring. Recent trends in weather conditions, including
warmer autumn and winter temperatures as well as increased frequency of winter
temperature extremes, suggest an increase in issues associated with lower cold
acclimation capacity and higher rates of premature deacclimation. Although cool-season
temperate crops are usually tolerant to low temperatures, some species are particularly
sensitive to winter temperature extremes. Therefore, research on the mechanisms
associated with overwintering is crucial to better understand how to maximize plant
overwintering survival. Freezing tolerance has been difficult to characterize due to its
complexity, myriad stresses associated with it, and the balance between cold acclimation
and deacclimation. The primary objectives of this dissertation research were to study the
different physiological and molecular mechanisms associated with both cold acclimation
and deacclimation resistance in perennial ryegrass (Lolium perenne) differing in freezing
tolerance capacities. Perennial ryegrass was selected since it is a widely utilized coolseason grass for turf and forage, and is a close relative to crops including cereals and
bioenergy grasses, potentially allowing for translatable knowledge to other economically
important crop species. It also is susceptible to winter injury and deacclimation, and
breeding efforts are focused on improving the overwintering capacity of this species. In
terms of other cool-season grasses, it also is the species with the most known about its
genome and transcriptome, which allowed us to fully investigate these mechanisms. This
is the first study to our knowledge that investigated transcriptome responses to
deacclimation of the meristematic crown tissue (overwintering organ) in perennial
grasses or cereals. We screened several cultivars, accessions, and breeding germplasm to
investigate the genetic variability in freezing tolerance and deacclimation resistance,
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which resulted in us identifying two genotypes from the breeding germplasm that had the
greatest differences in their responses to cold acclimation and deacclimation, even though
there was not much variation overall in the response of perennial ryegrass to
deacclimaton. With further physiological investigation, we found that the genotype
sensitive to deacclimation had a higher crown moisture content and photosynthetic
activity during cold acclimation and deacclimation, which could predispose the genotype
to rehydration and regrowth during warming events. Lastly, we examined global
transcriptome responses to deacclimation, and identified biological processes and
pathways that could account for differences seen in deacclimation resistance, which
include growth, photosynthesis, and flower development. The results of this study
provide a better understanding of the physiological and transcriptomic responses to
deacclimation in perennial ryegrass, which can better inform management practices and
breeding programs to select for top performing grasses in a changing environment.
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CHAPTER 1
1.1 FREEZING INJURY OF CROP PLANTS
In northern and transitional climates, low temperature is a major limitation for
some grass (e.g. turfgrass, forage, and cereals), fruit, and horticultural crops. It is
estimated that only around 5% of the entire earth is free of frost (Hurry, 2017), with 15%
of arable land worldwide being subject to winterkill. China reports an annual loss of 3-5
million tons of rice (Oryza sativa) (Mousavi et al., 2016; Nah et al., 2016; Jha et al.,
2016), and countries such as Australia, Japan and Korea are similarly affected, with
projections that 30% of the land used for wheat (Triticum aestivum) in Australia is
subject to winterkill (Jha et al., 2016). In 2007, the United States experienced significant
late freezing events in the month of April, resulting in a 50% loss of peach (Prunus
persica) and 90% loss of blueberry (Vaccinium boreale) crops (Chevalier et al., 2012).
While the United States typically will experience spring freeze events, it is abnormal to
have a freeze event after a period of extended above average temperatures (Gu et al.,
2008). In the year 2007 in central Missouri, the daily minimum temperature was reported
to be 15°C (59 °F), indicating abnormally high temperatures (Gu et al., 2008) which
stimulated plants to start regrowing and lose compounds produced by the plants for
protection against stresses associated with freezing. In the same year, the North Carolina
Department of Agriculture and Consumer Services reported that the loss for agricultural
crops (including forage and cereal crops) was estimated to be $112 million with an
additional $86 million in fruit crop losses due to winter injury (Warmund et al., 2008). In
2015, the Northeast experienced significant temperature fluctuations and ice issues on
golf courses, damaging greens and fairways, and the slow recovery time combined with

20

replanting and inputs needed for reestablishment (e.g. fertilizers, pesticides, and water)
are costly (Shaffer, 2015; Skorulski, 2014). In the transition zone that same year, North
Carolina golf courses exhibited similar winter injury to bermudagrass (Cynodon spp.),
costing an estimated $4 to $5 million dollars in repair for this state alone (Shaffer, 2015).

Figure 1.1. Anomalies of the average daily minimum temperature (degrees Celsius) for
the period 5–9 April 2007 relative to the 2000–2006 average computed with the
terrestrial observation and prediction system (8-kilometer spatial resolution). Taken from
Gu et al., 2008.

1.2 CLIMATE CHANGE FACTORS INFLUENCING OVERWINTERING
Studies based on recent climate trends report increases in average temperatures
(Figure 1.1) as well as extreme weather events, negatively influencing crop development
21

and causing major crop losses globally (Sparks and Menzel, 2002; Pagter et al., 2011;
Pagter and Arora, 2013). Exposure to temperature extremes is one of the main
environmental factors limiting crop productivity and yield (Mittler, 2006). Since 1990,
the global surface temperature has increased by 0.5 to 0.7°C, with the Intergovernmental
Panel on Climate Change (IPCC) predicting an increase in the frequency and intensity of
heavy precipitation events. With temperatures increasing, there will also be a greater
number of warm days and nights, along with warmer winter temperatures (IPCC, 2013;
Figure 1.1). During 2018, the average winter temperature in the United States was 1.8°F
higher than the 20th century average, and the average minimum night temperature 1.4°F
above (NOA, 2009). Warmer fall temperatures, or extensions of the growing season will
have a detrimental impact on a plants ability to acquire freezing tolerance, ie cold
acclimate, which is dependent on decreasing temperatures and photoperiod (Hurry,
2017). These predicted climactic changes will also have an impact on winter
precipitation, including changes in snow cover and freeze-thaw events which will also
impact a plants ability to tolerate the environmental stresses associated with winterkill,
especially since plants from certain regions will not have the necessary adaptations to
withstand these new set of winter stresses (Bertrand and Castonguay, 2003). With winter
temperatures increasing, snow cover will decrease in certain areas, increasing plants
exposure to temperature fluctuations and ice encasement. Over the 20th century in the
United States, increases in temperature by almost 2°C have been documented along with
a 20% increase in precipitation (Easterling and Karl, 2001). Plant breeding for cold
hardiness will undergo the challenge of breeding for new traits associated with
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overwintering and necessitate finding traits that can allow plants to tolerate a wider range
of environmental stresses.

While a mild fall season might not allow plants to adequately acclimate to the
cold and cause damage during periodic frosts, mid-winter thaws can also cause plants to
prematurely lose their freezing tolerance (ie deacclimate), causing injury when
temperatures fall below freezing (Arora and Rowland, 2011). These warmer temperatures
can cause plants to grow and develop in an untimely fashion, endangering them to sudden
drops in night temperatures (Gu et al., 2008).

1.3 PHYSIOLOGY OF FREEZING STRESS
Several abiotic and biotic stresses can occur during winter months and contribute
to the winterkill complex, including direct low temperature kill, anoxia, desiccation,
crown hydration, and low temperature diseases, making it difficult to sometimes isolate
the direct cause for injury in field conditions (Qureshi et al., 2007). The prevalence and
resulting damage from these individual stresses may vary from year to year depending on
climatic conditions, agronomic practices, and plant genetics (i.e. species, cultivar).
Climate change will impact these individual stresses greatly, affecting precipitation levels
(snow cover), acquisition of freezing tolerance, and seasonal temperatures (Bélanger et
al., 2002). Given the many factors that contribute to winter survival, extreme temperature
fluctuations such as freeze-thaw events and subsequent exposure to freezing temperatures
is a significant cause for winter injury of some turfgrasses, including perennial ryegrass
(Lolium perenne) and annual bluegrass (Poa annua) (Hulke et al., 2007; Moeller, 2012;
Bertrand et al., 2013). Injuries that are commonly seen in these two species are crown
23

hydration, direct low temperature kill, and ice damage, whereas neighboring grasses such
as creeping bentgrass (Agrostis stolonifera) and Kentucky bluegrass (Poa pratensis)
exposed to similar conditions do not suffer the same level of damage (Zontek, 2010).
Given the potentially different physiological damages associated with the various
winter stresses, it has been found that one of the most important factors associated with
successful overwintering of plants is the capacity to withstand the effects of freezing on
the cellular level (Humphreys, 1989). At subzero temperatures, there is an increase in
membrane rigidification that results in a decrease in the efficiency of electron transport in
photosynthesis and respiration, and an increase in the production of damaging reactive
oxygen species (Pagter and Arora, 2013; Liu et al., 2016; Li et al., 2016). While in low
levels these reactive oxygen species can act as signaling molecules for abiotic stresses,
freezing induces the accumulation of large amounts of these molecules, who destroy
proteins, DNA, and membranes (Li et al., 2016; Liu et al., 2016). Freezing temperatures
are associated with the formation of ice, which can then result in desiccation and
mechanical injury. The rate of cooling and tissue type can also have an effect on location
of ice and subsequent damage, termed “extra-organ freezing”. In certain plant species,
like cranberry (Vaccinium macrocarpon), nuclear magnetic resonance (NMR) imaging
showed that bud tissue is the last to freeze, utilizing extra-organ freezing to protect
important meristematic tissue (Steponkus, 1984; Pearce, 2001).
Ice formation begins in the apoplast due to lower solute concentrations,
decreasing the water potential outside the cell. If the cooling rate is sufficiently slow
enough, this change in water potential causes the cytoplasmic water to migrate to the
apoplast, dehydrating the cell and enlarging the already formed ice crystals which cause
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significant strain on the cell wall and plasma membrane, and can result in expansioninduced lysis and lesions in the membrane. If the cooling rate is too fast, supercooling
occurs, leading to the possibility of ice forming inside the cell, resulting in cell death
(Steponkus, 1984). During thawing, rehydration of the cell can also cause expansioninduced lysis, where the cell protoplast can no longer contain that amount of water
(Knight and Knight, 2012). Intracellular organelles are also impaired during plasmolysis,
resulting in the loss of compartmentalization, and decreasing the efficiency of metabolic
processes (Mahajan and Tuteja, 2005). In addition to slowing of enzymatic and metabolic
processes, protein conformation is also affected, causing a decrease in protein stability
and function (Ruelland and Collin, 2012).
1.4 FREEZING AVOIDANCE & TOLERANCE MECHANISMS
Plants can utilize different mechanisms to survive the negative effects of freezing
temperatures, most of which vary by species and originating climate. To avoid freezing
damage within tissues, some plants adapted to northern climates use supercooling
mechanisms to decrease the temperature at which water freezes in the cells, preventing
ice nucleation (Pearce, 2001; Arias et al., 2015). When cells are cooled slowly and
symmetrically, ice will begin to form in the apoplast at -2°C, temporarily supercooling
the cells (Yamada et al., 2002). However, the formation of ice in the apoplast can result
in the pulling of intracellular water out into the apoplastic space, causing desiccation
(Yamada et al., 2002). Some woody perennials can supercool and lower the intracellular
freezing point to -40 °C in vascular tissue, allowing the plants to maintain hydraulic
conductivity in the xylem for long periods of time (Levitt, 1980; Atici and Nalbantoglu,
2003; Kasuga et al., 2007). However, when the temperature falls below the supercooling
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limit, which can change based on the season, intracellular ice can form, rupturing cells
(Kasuga et al., 2007). Most herbaceous plants such as cool-season perennial grasses can
only decrease the freezing point by a few degrees below freezing point, depending on the
species and other environmental factors (Levitt, 1980; Atici and Nalbantoglu, 2003).
Therefore, survival of prolonged freezing temperatures is dependent not only on
controlling the process of ice formation in plant tissues, but also reducing the effects of
desiccation and oxidative stresses in cells when exposed to freezing temperatures.
Successful activation of protective overwintering mechanisms depends on a
period of cold acclimation that helps to maximize freezing tolerance. Cold acclimation is
induced in response to changes in temperature and light during autumn and early winter
months, such that plants alter their metabolism to minimize growth and induce dormancy
(Zhang et al., 2011; Arora and Rowland, 2011; Byun et al., 2014; Bertrand et al., 2016).
This process has been well characterized, and it is known to be a multigenic trait, with
many pathways contributing (Arora and Rowland, 2011).
Perception of cold temperatures and signaling is crucial for plants to adapt to
freezing stress and has been associated with inter- and intraspecific differences in
freezing tolerance (Chinnusamy et al., 2003). Previous research has suggested that the
perception of cold temperatures is sensed through changes in membrane integrity, i.e. its
fluidity or rigidity (Figure 2.1) (Sandve et al., 2011; Nah et al., 2016). When cold
temperature causes an increase membrane rigidity, this rigidification is sensed and can
lead to the expression of cold regulated genes (Chinnuswamy et al., 2007; Whalley et al.,
2011).
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Certain receptors in the membrane, such as receptor-like kinases, perceive this
message and relay it to the nucleus using calcium signaling to influence gene expression
(Barrero-Gil and Salinas, 2013). Calcium serves as a secondary messenger during many
stresses, both biotic and abiotic. Research has shown its involvement in freezing stress,
where calcium levels become elevated during cold temperatures or dehydration, triggering
the expression of cold-regulated genes (Figure 2.1) (Chinnusamy et al., 2003; Nah et al.,
2016). When calcium influx into the cytosol is blocked, there is a reduction in cold
induced gene expression and subsequent freezing tolerance in alfalfa (Medicago sativa)
(Örvar et al., 2000). When calcium is stimulated even at 25 °C, alfalfa plants were shown
to increase their freezing tolerance (Örvar et al., 2000). After calcium is stimulated,
downstream events effecting anion channels and calcium dependent protein levels are
some of the earliest signaling events after exposure to cold (Knight & Knight, 2012). A
study looking at binding motifs of calcium in Arabidopsis thaliana identified the C-repeat
(CBF)/Drought-Responsive Element (DREB), Site II, CAM box and ABRE promoter
motifs as being calcium-regulated (Whalley et al., 2011). These motifs have been found
in several important cold regulated transcription factors and genes, such as the CBF genes
and calmodulin binding genes, indicating that calcium signaling regulates their
expression and downstream cold responses (Doherty et al., 2009; Whalley et al., 2011).
Calcium-dependent protein kinases (CDPKs) have been shown to regulate calcium sensor
protein kinases (CIPKs), which regulate the phosphoproteome in response to cold
temperatures (Whalley et al., 2011). Research looking into the effects of cold on protein
phosphorylation in alfalfa found that inhibition of protein phosphorylation led to an
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inability to acquire freezing tolerance, and that most of these protein phosphorylation
events were regulated by calcium (Monroy et al., 1993).

Figure 2.1. Summary model of physiological and molecular mechanisms associated with
freezing tolerance in perennial grass species. Taken from Sandve et al., 2011.

As a multigenic trait (Arora and Rowland, 2011), cold acclimation induces a suite
of different transcription factors and genes (Figure 2.1). Changes associated with cold
acclimation include activation of transcription factors such as CBF 1-3 and DREB gene
families, which activate the downstream expression of cold-responsive (COR) genes
(Barrero-Gil and Salinas, 2013). In Arabidopsis, the number of downstream genes to be
influenced by the CBF transcription factors is 414, 346 being induced and 68 being
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repressed (Zhao et al., 2016). Many of these COR genes contain a cis-acting element that
is responsive to drought and cold, and their transcriptional activators (ie CBF/DREB)
contain trans-acting elements which bind to it (Liu et al., 1998). These CBF transcription
factors have been shown to be regulated positively and negatively by Inducer of CBF
Expression 1 and 2 (ICE1 and ICE2, respectively), two genes that are activated by
changes in protein stability via the SUMO E3 ligase SIZ1 and High Expression of
Osmotically Active Genes1 (HOS1). HOS1 ubiquinates ICE1, which results in the
degradation of ICE1 proteins during warmer temperatures, preventing COR gene
expression (Dong et al., 2006).

Several species such as Arabidopsis possess three tandem repeats of CBF genes
on chromosome 4: CBF1, CBF2 and CBF3. Different species of plants can have a
number of CBF genes, most of which are unexplored (Gierczik et al., 2017). These genes
have been shown to be rapidly and transiently induced upon exposure to low temperature,
reaching their maximum expression between 1-2 hours after exposure (Zhou et al., 2016).
However, research has demonstrated that these CBF genes are not only regulated by
temperature, but by circadian rhythm (Fowler et al., 2005). Zhao et al. (2016) generated
single, double, and triple mutants in Arabidopsis to identify the roles of these genes in the
cold acclimation process, concluding that knocking out any of these genes results in
sensitivity to freezing after cold acclimation. Overexpression of any of these genes
resulted in not only increased freezing tolerance, but in dwarf plants and delayed
flowering phenotypes, which was attributed to the inhibition of gibberellic acid, a plant
hormone necessary for elongation and flowering (Zhao et al., 2016). While this
phenotype does seem detrimental at first glance, it is the phenotype that would allow a
29

plant to best withstand freezing temperatures for long durations, indicating the
importance of these genes in influencing plant physiology during winter months.

Many of the COR genes induced by the CBF pathway have been shown to be
involved in cryoprotection and cell wall modification, among others (Zhao et al., 2016).
During cold acclimation, research has shown that genes involved in protection against ice
formation and cell structure are upregulated while genes involved in photosynthesis are
repressed to prevent photooxidation (Zhang et al., 2011; Bertrand et al., 2016) due to the
inhibition of photosystem II (Allan and Ort, 2001). Many of these cryoprotectant genes,
including Late Embryogenesis Abundant (LEA), dehydrins, Antifreeze protein (AFP) and
Ice recrystallization inhibitor (IRI) help to mitigate intracellular and extracellular ice
formation, and assist in membrane stabilization (Qureshi et al., 2007; Zhang et al., 2011).
Danyluk et al. (1998) demonstrated the importance of the accumulation of dehydrins in
the plasma membrane in wheat during freezing temperatures using transgenic
approaches, assisting in membrane stabilization, and contributing to greater freezing
tolerance. Plants can also accumulate compatible solutes such as proline, soluble sugars
and amino acids to help maintain osmotic potential in cells and reinforce cellular stability
(Arai, 2019). COR genes have been shown to be involved in sugar metabolism, and
carbohydrates produced during cold acclimation can be stored as reserves for spring regrowth, as well as fortify and prevent alterations of the physical state of membranes
during periods of freezing temperatures (Bertrand et al., 2016; Zhao et al., 2016). Other
solutes upregulated can be reutilized for regrowth, either being recycled to make new
products or used directly when the environment is suitable for growth.
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Cool-season perennial grasses, such as perennial ryegrass, use fructans as main
storage carbohydrates. The amount, type, and accumulation trend will vary depending on
species (Tamura et al., 2014). These fructose polymers can also differ in number of
glycosidic linkages, branching patterns, and size, depending on species. Synthesis of
fructans occurs in the vacuole, and is initiated when photosynthesis exceeds demands for
photosynthates, ie when sucrose accumulates in sink organs to a certain level (Livingston
et al., 2009). While there are natural variations in the specific enzymes responsible for
biosynthesis of fructans, there are four main fructosyltransferase genes typically
involved, and activity can change based on substrate availability. Research has shown
that environmental conditions are one of the main factors influencing biosynthesis of
fructans and fructan accumulation. During the process of cold acclimation, cool-season
grasses typically accumulate these long-chain fructans in crown (meristematic) tissue at
the base of the plant when cool temperatures inhibit growth but photosynthesis continues
(Livingston et al., 2009). Mobilization of fructans occurs by the trimming of long-chain
fructans by fructan exohydrolases (FEH) (Livingston et al., 2009). During subzero cold
acclimation, research has shown that these genes are upregulated in crown tissues of
Timothy (Phleum pretense) (Tamura et al., 2014).

One of the main focuses of cold acclimation is membrane composition,
specifically modifying membrane proteins to contain more unsaturated lipids. The freezethaw process that most cells undergo in the field can cause cells to be subjected to
thermal, mechanical, chemical, and electrical changes that cause damage. When a
solution containing electrolytes freezes, it undergoes changes in charge potential
differences between the different physical phases (i.e. solid, liquid)(Steponkis, 1984).
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These stresses primarily effect the plasma membrane, which is the primary site for
freezing injury. Damage that occurs during exposure to freezing temperatures primarily
happens at the membrane level, indicating that maintenance of membrane functions
during freezing is critical for plant survival (Welti et al., 2002). Changing the membrane
saturation levels helps keep the membrane from losing fluidity during temperature
fluctuations. The plasma membrane is also a barrier against extracellular ice, preventing
the spread of ice into intracellular space (Yamada et al., 2002).
A study by Yamada et al. (2002) found that the intracellular freezing of freezing
sensitive African violet (Saintpaulia grotei Engl. ) plants was due to the propagation of
extracellular ice into the cell, not due to ice forming inside of cells. They hypothesized
that this is due to early damage caused to the plasma membrane, reducing the protective
barrier around the cells to ice. In order to preserve cellular membrane integrity and
reduce electrolyte leakage, plants undergo membrane modifications during cold
acclimation (Willick et al., 2018). A study by Palta et al. (1993) demonstrated that
different species of potato (Solanum tuberosum) with different cold acclimating abilities
accumulated different types of lipids, which were correlated with increases in freezing
tolerance. In particular, the ratio of acetylated steryl glyceride to steryl glyceride during
cold acclimation in the freezing tolerant species. This also shows that genetic variation
can have an effect on cold acclimation and acquisition of freezing tolerance via
accumulation of different lipids (Palta et al., 1993).
Studies have illustrated the importance of cell wall modifications and
rearrangement of the cytoskeleton to create a more elastic cell to prevent cell contraction
and collapse when ice formation occurs (Figure 2.1) (Barrero-Gil and Salinas, 2013;
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Arias et al., 2015; Meng et al., 2016). Browse and Xin (2001) demonstrate the
importance of structural modifications and how quickly they are modified during cold,
suggesting that in combination with other biochemical changes, plant survival is
dependent upon these factors. Cell walls are typically composed of cellulose interlaced
with polysaccharides and cross linked with pectin and structural proteins. Grasses
belonging to the Poales family have type II cell walls, which are made of
glucuronoarabinoxylans, beta-glucans and small amounts of pectin and xyloglucans
(Willick et al., 2018).
Studies have shown that increases in pectin can contribute to decreases in porosity
by changing water binding properties and mechanical strength (Weiser et al., 1990).
During cold acclimation, winter oilseed rape (Brassica napus subsp. Oleifera L.)
demonstrated increases in cell wall strength and rigidity by cleaving methyl ester groups
in pectin to promote calcium cross-linking (Solecka et al., 2008). Other studies looking at
transcriptomic and proteomic changes during cold acclimation have found that during
this process, there is an increase in the activity of pectin related enzymes and levels of
pectin related enzymes (Mworia et al., 2012), suggesting that pectin remodeling is an
important part of the cold acclimation process. In a study looking at cell wall
modifications in two pea (Pisum sativum) genotypes with contrasting freezing tolerance,
the tolerant genotype showed an increase in abundance of pectic polymers and
methylesterification, and the sensitive genotype showed a decrease in both, suggesting
that pectin-related modifications to the cell wall is important for ice formation disruption,
maintenance of hydration status and wall flexibility (Baldwin et al., 2014). Plants also
modify lignin content of cell walls during cold acclimation. A study looking at
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Arabidopsis demonstrated that genes involved in lignin biosynthesis (PAL, CCR, COMT)
were upregulated in response to low temperatures (Seki et al., 2002).
In addition to the structural changes, antioxidant production is increased during
cold acclimation to adjust for the higher accumulation of reactive oxygen species during
periods of lowered electron transport efficiency (Zhang et al., 2011). Some plants can
also increase secondary metabolites, such as flavonoids and anthocyanins, which can
reduce the formation of free radicals and subsequent reactive oxygen species. Production
of such molecules can help prevent photoinhibition and allow plants to maintain their
photosynthetic ability during the cold acclimation process (Bahrani et al., 2019).
In a study by McKersie et al, (1999), alfalfa expressing two superoxide dismutase
(SOD) genes that enhance radical oxygen scavenging exhibited enhanced freezing
tolerance and mitigated damage to chloroplasts and mitochondria (Bertrand et al., 2013).
Constitutive expression of NPK1 (involved in oxidative signaling) in maize (Zea mays)
showed similar enhancements (Shou et al., 2004; Bertrand et al., 2013). Overall, the goal
of these physiological changes is to minimize membrane damage, oxidative stress and ice
formation inside of cells. It has been shown that differences in freezing tolerance between
species and cultivars can be attributed in large part to different modifications in the cold
acclimation process (Bertrand et al., 2016).
Plant hormones are involved in all aspects of growth and development, including
responses to various stresses. The major classes of plant hormones include abscisic acid
(ABA), gibberellic acid (GA), cytokinins (CK), auxin (AUX), salicylic (SA) and
jasmonic acid (JA) and ethylene (ET). Extensive research has been conducted to examine
the roles of various hormones during water and high temperature related stresses, while
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less is known about freezing stress. During cold acclimation and the development of
freezing tolerance, certain hormones have been implicated in the processes of sensing and
responding to decreases in temperatures (Zhang et al., 2017). For example, ABA has
many roles in the plant’s response to cold, including stabilization of membranes and
protection against reactive oxygen (Kosova et al., 2012; Baron et al., 2012; Eremina et
al., 2016).
Research has demonstrated that cold stress induces synthesis of ABA and
application of the hormone increases freezing tolerance (Li and Dami, 2016; Tan et al.,
2017). Likewise, gibberellins, cytokinins, and auxins play key roles in the plant response
to cold. The GA signaling components, DELLA proteins, reduce growth and slow
development during stress by decreasing the concentration of active GA. Furthermore,
under freezing stress, DELLA proteins contribute significantly to the main pathway
involved in freezing tolerance (CBF pathway), further increasing levels of freezing
tolerance (Kosova et al., 2012; Jeon & Kim, 2013).
While CKs are known to induce cellular division and production of
photosynthetic machinery, studies have demonstrated their roles in cold signaling (Jeon et
al., 2010; Kosova et al., 2012; Eremina, et al., 2016). Research has also shown that
exogenous application of zeatin riboside (ZR) increased freezing tolerance of
Arabidopsis, which was found to be independent of the CBF pathway (Jeon et al., 2010).
AUX has fundamental roles in growth adaptation, and research has shown that this
hormone is also important in regulating a plants response to freezing temperatures.
Freezing temperatures have been shown to affect auxin-regulated genes, (Hannah et al.,
2005; Jain and Khurana, 2009) and studies have also demonstrated that exogenous
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application of indole-acetic acid (IAA) stimulated the accumulation of cryoprotectants
and soluble sugars, which are essential for the development of freezing tolerance (Kosova
et al., 2012; Gaveliené et al., 2013; Eremina et al., 2016).
While most research has focused on looking at SA and JA in relation to biotic
stress, these hormones have also demonstrated roles in freezing tolerance. Studies have
shown that in Arabidopsis, freezing temperatures increase accumulation of SA in tissues,
while exogenous applications of SA decreased leaf winter injury in wheat, suggesting
that SA has important functions in the cold response (Miura & Tada, 2014; Lado et al.,
2016). JA has been shown to be an important signaling component in the cold pathway,
regulating the CBF genes that activate COR genes (Sharma and Laxmi, 2015). In
addition, plants deficient in JA biosynthesis and signaling were shown to have increased
sensitivity to freezing temperatures, resulting in a loss of freezing tolerance (Hu et al.,
2013; Eremina et al., 2016). A recent transcriptomic analysis of Santalum album L.
showed that during cold acclimation, transcripts of genes involved in the biosynthesis of
CK, GA, JA, SA, ABA and IAA were enriched, indicating that all hormones play critical
roles in determining a plants ability to respond to freezing temperatures (Zhang et al.,
2017).
During cold acclimation, plants must produce proteins and make physiological
and biochemical modifications that allow them to withstand the effects of freezing on the
cellular level. To do so, they must be able to utilize photosynthesis, but also deal with the
imbalance between light energy absorbed and the downstream energy being utilized for
metabolism (Huner et al., 1998; Rapacz et al., 2007). Therefore, maintenance of
photosynthesis and photochemical machinery is essential for winter survival (Rapacs et
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al., 2007). Under normal conditions, the photochemical reactions of photosystem II and
photosystem I are much faster than both electron transport and downstream metabolism,
and this is only exacerbated during cold temperatures when enzyme kinetics are low and
light levels are still relatively high (Huner et al., 1998). Under optimal conditions, plants
utilize photochemistry when dealing with absorbed light energy, which ultimately leads
to the production of photosynthates and growth. Under non-optimal conditions, plants
can utilize other fluorescence mechanisms to deal with excess excitation energy, i.e. Nonphotochemical Quenching (NPQ), in which the plant releases the energy as heat, or
Fluorescence, where the plants release it back in to the environment as light. The ultimate
goal of these alternative pathways is to prevent the formation of reactive oxygen species
(ROS), which can form during inefficient electron transport and cause photoinhibition,
but also allow for growth inhibition and adequate cold acclimation (Rapacz et al., 2007).
Therefore, efficient photoacclimation (ie the redox state of PSII) is critical for a plant to
not only acquire freezing tolerance, but also resist deacclimation, which is associated
with regrowth (Rapacz et al., 2007).
Research has been focused on understanding the photosynthetic mechanisms of
winter hardy cultivars in hopes of using chlorophyll fluorescence measurements to screen
for winter hardy plants, and also to improve selection of traits for overwintering. In
cereals, research has shown that the mechanisms employed are simultaneous, and can
include both photochemical and non-photochemical mechanisms, and that this is species
and genotype dependent (Rapacz et al., 2007).
A study by Rapacz et al. (2004) demonstrated how field winter survival is
correlated with the plants ability to photoacclimate in Lolium-Festuca hybrids. Another
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study by Rapacz et al. (2007) looking at Lolium genotypes that were different in their
ability to cold acclimate showed that plants that were not able to fully cold acclimate
relied on NPQ to redistribute excess light energy, and plants that can acclimate
adequately relied on changes in photochemical efficiency to continue producing
compounds needed for cold acclimation, while reducing the amount of light absorbed.
Yearly variations in the correlation between freezing tolerance and photochemical
efficiency have also been demonstrated, and further research is needed before this can
become and accurate screening tool (Rapacz et al., 2008).
1.5 LOSSES IN FREEZING TOLERANCE: DEACCLIMATION
Triggered by warmer temperatures, longer day lengths and changes in the quality
and duration of light, plants deacclimate naturally during the transition from winter to
spring (Pagter and Arora, 2013; Byun et al., 2014). While there has been less research on
this process, deacclimation typically results in an influx of water into plant tissues,
reallocation of storage carbohydrates and protective compounds to growth, along with
increased expression of genes involved in metabolism and photosynthesis (Pagter and
Arora, 2013; Byun et al., 2014). If a plant deacclimates prematurely, injury may occur
regardless of its original capacity to acquire freezing tolerance, especially if plants are
exposed to below freezing temperatures (Pagter and Arora, 2013). Deacclimation rates
may also be accelerated depending on site conditions and management practices, such as
protective covers which can stabilize soil temperatures and snow removal (Dionne et al.,
1999; Tompkins et al., 2000; Webster and Ebdon, 2005). Unlike cold acclimation,
deacclimation can either be a rapid or gradual process which may be due to differing
energy requirements (Kalberer et al., 2006; Pagter et al., 2011; Dalmannsdottir et
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al.,2017). Kalberer et al. (2006) suggest that this difference in kinetics may be due to the
fact that acclimation requires high amounts of energy for structural and functional
changes, while deacclimation requires less energy for downregulation of genes and
metabolic changes. A study looking at deacclimation in perennial ryegrass and timothy
found that both species lost freezing tolerance after just two days at 3°C (Jørgensen et al.,
2010).
Since 1970, the average temperatures in the Northeast have risen each year by
about 1°C, with winter month temperatures specifically rising approximately 2°C (NCA,
2009). The Intergovernmental Panel on Climate Change (IPCC) has reported that
increases in temperature and associated extreme weather events are associated with
significant losses to crops (Easterling and Apps, 2005; IPCC, 2013; Figure 1.1). Warmer
fall temperatures will have a detrimental impact on a plants ability to acquire freezing
tolerance, ie cold acclimate, which is dependent on decreasing temperatures and
photoperiod. These predicted climactic changes will also have an impact on winter
precipitation, including changes in snow cover and freeze-thaw events will also impact a
plants ability to tolerate the environmental stresses associated with winterkill, especially
since plants from certain regions will not have the necessary adaptations to withstand
these new set of winter stresses (Bertrand and Castonguay, 2003). While milder winters
are predicted to increase, extreme weather events and winter warming events have
become more frequent, leaving plants in temperate climates at risk of freezing damage
due to premature deacclimation (Pagter et al., 2011; Pagter and Arora, 2013;
Dalmannsdottir et al., 2017). The factors involved in plant deacclimation are complex,
and influence both deacclimation rate and deacclimation sensitivity. Evidence suggests
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that these are independent factors that both must be characterized to fully understand
premature deacclimation (Pagter et al., 2011). Deacclimation rate describes the speed at
which the process occurs, while deacclimation sensitivity describes traits associated with
or that predispose plants to deacclimation. Determining the deacclimation rate and
deacclimation sensitivity of a cultivar would be important to understand the mechanisms
that plants utilize to re-acclimate during variable weather (Pagter et al., 2011). Compared
to the vast amount of information known on cold acclimation, research on deacclimation
is limited. Further knowledge on the traits associated with deacclimation resistance are
necessary for developing cultivars with superior freezing tolerance that can resist freezethaw cycles.
1.6 PHYSIOLOGICAL CHANGES ASSOCIATED WITH DEACCLIMATION
The rate and extent of deacclimation depends on temperature, genotype, and light
levels. In grasses, it can also be linked to vernalization, or the period of cold required for
the transition to flowering (Vyse et al., 2019). It has been shown that resistance to cold
deacclimation is an independent trait from cold acclimation, meaning plants with high
freezing tolerance are not necessarily resistant to deacclimation. During the natural
transition of winter to spring, deacclimation can occur passively due to the depletion of
resources, namely carbohydrates, or it can be an active process, where the plant starts to
regrow, changing gene expression levels and metabolism (Rapacz et al., 2017). The
correct timing and rate of deacclimation is critical for overwintering and plant fitness and
early regulation of this process is still not understood fully, and further research is needed
to understand these pathways (Zuther et al., 2015).
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Both cold acclimation and deacclimation are associated changes in cellular water
content, with decreased water content being beneficial for freezing tolerance and
increased water content being necessary for regrowth (Pagter et al., 2011a). Similarly,
induction or changes in desiccation related proteins (dehydrins) is also exhibited during
deacclimation in winter wheat and winter canola (Trischuk et al., 2014).
Perennial ryegrass is an obligate outcrossing species which requires a period of
cold and decreased photoperiod, known as vernalization, to flower. The vernalization
pathway has been well studied, as a variety of agronomically important crops require this
pathway to flower and there is widespread variation amongst cultivars. The transcription
factor Vernalization1 (VRN1) is one of the main genes controlling vernalization and is
induced by low temperatures. Studies have shown the importance of VRN1 in the
vernalization response, demonstrating how spring wheat and barley that have mutations
in the VRN1 locus resulting in constitutive VRN1 expression do not need to undergo
vernalization to transition to flowering (Yan et al., 2003). After a period of low
temperatures and reduced photoperiod, the transition to longer photoperiods results in the
vernalization requirement being fulfilled (Herridge et al., 2021). This is to ensure that
flowering and seed set occurs in the favorable conditions of spring (Anderson et al.,
2006) and that reproductive organs, which are sensitive to low temperatures, do not form
in the middle of winter (Feng et al., 2017).
VRN1 activates the transcription of Flowering Locus T (FT) gene, or
Vernalization3 (VRN3), which activates genes involved in floral meristem identity and
production. Another critical gene involved in the regulation to vernalization is
Vernalization2 (VRN2), which is negatively regulates VRN1 and VRN3, and is
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downregulated during short photoperiod and low temperature (Dubcovsky et al., 2006). A
study by Herridge et al. (2021) found that variation in flowering time of perennial
ryegrass is linked to differences in the regulation of flowering time genes, particularly
VRN1. This differs from wheat, where the variation in flowering time is linked to VRN2
instead. Flowering has also been characterized to great lengths in Arabidopsis, which is
largely controlled by the flowering repressor Flowering Locus C (FLC). However, while
vernalization interconnects with this pathway by repressing FLC, leading to flowering
(Anderson et al., 2006), the vernalization pathway is not conserved in Arabidopsis (Feng
et al., 2017).
Timing of flowering is an important factor of overwintering and in crop
adaptation to different environments. If a plant flowers too soon, it can be devastating to
the plant and result in death from freezing temperatures. A study by Dhillon et al. (2010)
found that in winter wheat and barley (Hordeum vulgare) varieties, differences in
freezing tolerance were contributed to variations in the VRN1 allele. In a study looking at
Quantitative trait loci mapping (QTL) in perennial ryegrass, they found that the QTL for
freezing tolerance was closely located to the QTL for heading date, suggesting that there
is a strong connection between overwintering and reproductive development (Yamada et
al., 2004). Using the model grass species Brachypodium distachyon, Feng et al. (2017)
similarly demonstrated that BdVRN1 expression negatively correlates with freezing
tolerance. When wheat VRN2 is overexpressed and the vernalization requirement
delayed, freezing tolerance increased, along with expression of CBFs and cold regulated
genes in Arabidopsis (Diallo et al., 2010). The relationship between freezing tolerance
and vernalization suggests that as plants are transitioning to regrowth and subsequent
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flowering, there is a loss in freezing tolerance, resulting in deacclimation (Limin &
Fowler, 2006).
Studies have demonstrated that a significant amount of variation exist within
species in response to deacclimation (Rowland et al., 2012; Zuther et al., 2015). Pagter et
al. (2017) found differences in deacclimation between two species of Hydrangea to be
associated with carbohydrate accumulation patterns, while Horvath et al. (2020) found
increases in photosynthetic related genes during deacclimation in canola, suggesting that
changes in carbohydrate metabolism and production be a crucial part of the deacclimation
process.
There have been a few studies looking into changes in gene expression in
response to deacclimating temperatures, primarily in the model species, Arabidopsis. A
study by Pagter et al. (2017) examining differences in the transcriptome and metabolome
during exposure to 4 °C after cold acclimation found that the transcriptome exhibits
changes at a faster rate than the metabolome, indicating that there is tight transcriptome
regulation responsible for this process. Deacclimation was associated with
downregulation of protein synthesis, and changes to lipid and cell wall metabolism.
Several changes in genes involved in hormone metabolism were also observed, indicating
that hormones may play a crucial role in this process (Pagter et al., 2017).
The fast response to deacclimation, usually from hours to days, suggests that
transcription factors play a role in this response. Pagter et al. (2017) showed that loss of
freezing tolerance and regrowth during deacclimation was associated with the regulation
of transcription factor families important for growth and development.
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1.7 PERENNIAL RYEGRASS
With winter months becoming more variable, it is becoming increasingly
important to study perennial grass species and their mechanisms used for tolerance. Most
forage and turfgrass species used in North America and Europe are perennial, reducing
the need to replant each year after annual plants die. Using perennials helps conserve
money, labor, and resources, i.e. fertilizer and pesticides needed to establish the grass
(Glover and Reganold, 2010; Sandve et al., 2011). Perennial ryegrass is a cool-season
grass used for turf and forage in temperate regions of the world. This species has many
beneficial agronomic traits such as wear and grazing tolerance, rapid establishment, high
palatability, and digestibility (Hannaway et al., 1999). However, temperature extremes
limit the productivity and growth of this species, which is extremely sensitive to freezing
stress, and improvements in breeding winter hardy cultivars is limited (Hannaway, 1999;
Yamada et al., 2004; Sandve et al., 2011). The range of lethal temperatures for perennial
ryegrass is from -5°C to -15°C, which is significantly lower than other cool-season
grasses such as creeping bentgrass and Kentucky bluegrass, which can survive
temperatures down to -35°C (Fry and Huang, 2004).
When breeding for perennial ryegrass was starting, selection was typically based
on traits for seed production, which quickly turned to grazing tolerance and forage quality
in the 1960s and 1970s (Sampoux et al., 2012). For turf-type perennial ryegrass, cultivars
were identified from collections of plants existing on highly grazed pastures or old turf
plots and were generally selected for the desired morphology and disease resistance.
These breeding programs resulted in the release of the first turf-type cultivars of
perennial ryegrass, of which the cv. Manhattan (1967) became the genetic basis for

44

modern recurrent selection programs that integrate germplasm with novel traits into
already established cultivars. This allowed for the establishment of cultivars with superior
abiotic and biotic stress tolerance traits (Sampoux et al., 2013). However, modern
varieties of perennial ryegrass have struggled to perform consistently during winter
conditions, so increased winter hardiness is a breeding objective for temperate regions,
and changes in winter temperatures is increasing the urgency for developing superior turf
and forage cultivars (Yamada et al., 2004; Hulke et al., 2008). Traits that are crucial for
breeding perennials that can overwinter are high cold acclimation capacity, deacclimation
resistance, and reacclimation capacity (Arora and Rowland, 2011). Conventional
breeding approaches using hybrid crosses have been successful in enhancing the freezing
tolerance of perennial ryegrass by integrating certain chromosomal segments from
meadow fescue (Festuca pratensis), a cool-season grass species with superior freezing
tolerance in comparison to perennial ryegrass (Kosmala et al., 2006; Bertrand et al.,
2013). As a member of the Poaceae family, perennial ryegrass is a close relative to crops
including cereals and bioenergy grasses, potentially allowing for translatable knowledge
to other economically important crop species (Hannaway, 1999; Jones et al., 2002). The
information gained from this dissertation on freezing tolerance and deacclimation
sensitivity will be utilized to enhance breeding and management techniques for both
perennial ryegrass and related grass crops.
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CHAPTER 2
SCREENING OF PERENNIAL RYEGRASS GENETICS FOR VARIATIONS IN
FREEZING TOLERANCE AND DEACCLIMATION

2.1 INTRODUCTION
Perennial ryegrass (Lolium perenne L.) is a cool-season grass used for turf and

forage in temperate regions of the world. This species has many beneficial agronomic
traits such as rapid establishment and traffic tolerance for turf use, and high grazing
tolerance, palatability and digestibility for forage use (Hannaway et al., 1999). However,
temperature extremes often limit the quality and/or productivity of this species, and in
northern climates the sensitivity of perennial ryegrass to freezing and related winter
stresses constitute a major limitation to survival (Hannaway et al., 1999; Sandve et al.,
2011). The range of lethal temperatures for perennial ryegrass is from -3 °C to -14 °C
(Humphreys & Eagles, 1988; Hulke et al., 2007), which is a significantly higher killing
temperature compared to other cool-season turf and forage grasses such as Kentucky
bluegrass (Poa pratensis L.), meadow fescue (Festuca pratensis L.), Timothy grass
(Phleum pratense L.), which have reported lethal temperatures of -22 to -30°C
(Tompkins et al., 2004; Kosmala et al., 2009).
Although higher freezing tolerance is considered an important trait for improved
survivability in temperate regions, most breeding efforts in perennial ryegrass turfgrass
breeding programs have focused on other traits such as leaf color, plant density, disease
resistance and tolerance to heat and drought stresses. However, the changes in winter
temperatures and precipitation patterns is likely to impact overwintering in perennial
grasses, which necessitates increased efforts for including freezing tolerance related traits
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as part of perennial ryegrass breeding programs (Yamada et al., 2004). One opportunity
for germplasm improvement is based on native landraces that have evolved in harsher
overwintering environments (Hulke et al., 2007). In addition, conventional breeding
approaches using hybrid crosses have been successful in enhancing the freezing tolerance
of perennial ryegrass by integrating certain chromosomal segments from meadow fescue
(Kosmala et al., 2006; Bertrand et al., 2013). Recurrent selection of turf-type perennial
ryegrass cultivars in controlled environments has also been shown to be a promising tool
for improving freezing tolerance while also maintaining turf quality characteristics (Irba
et al., 2013). However, the differences in freezing tolerance achieved in controlled
environment versus field evaluations suggest that the selection may overestimate the
actual freezing tolerance in the field (Irba et al., 2013).
In northern climates, winters are predicted to become milder in temperature along
with a greater occurrence of temperature extremes, resulting in higher risk of freezing
damage. Specifically, an increased incidence of winterkill is expected to occur in
association with winter warming events leading to premature losses in freezing tolerance
(ie cold deacclimation) (Rapacz, 2002; Pagter et al., 2011; Pagter & Arora, 2013;
Dalmannsdottir et al., 2017). However, there has been little effort in screening perennial
ryegrass for differences in the capacity to minimize losses of freezing tolerance (ie
deacclimation resistance) in response to winter warming events.
Whether screening for freezing tolerance or deacclimation resistance, the
identification of superior germplasm is complicated by the complexity of winter stresses
in the natural environment, which can vary year-to-year based on weather conditions
(Hulke et al., 2007). Natural selection pressures due to local environment (e.g. average
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temperatures, nutrient availability, disease pressure) result in populations with mixtures
of genotypes that favor certain environmental conditions, providing plants with differing
levels of phenotypic plasticity (Casler & Duncan, 2003). Plants adapted to environments
with frequent subzero temperatures have evolved various mechanisms that allows them to
acheive and maintain higher freezing tolerance (John et al., 2009; Sandve et al., 2011).
However, plants that originate from environments with temperature fluctuations (for
example due to lack of consistent snow cover) tend to have higher deacclimation
resistance due to the evolution of traits independent of freezing tolerance (Kalberer et al.,
2006; Jørgensen et al., 2010). Dionne et al. (2010) investigated the variability of freezing
tolerance among ecotypes of annual bluegrass (Poa annua L.) and found that ecotypes
adapted to environments with consistent winter snow cover (Quebec) had lower freezing
tolerance compared to ecotypes from the Northeastern U.S. and generally exposed to
greater temperature extremes without snow cover. Similarly, perennial ryegrass from
origins with contrasting winter conditions have been shown to respond differently to cold
acclimation treatments and light intensities associated with the development of freezing
tolerance. For example, a perennial ryegrass variety from northern Europe developed
higher freezing tolerance under low light intensities and temperatures, whereas the
Mediterranean variety required higher light intensities and temperatures for similar levels
of freezing tolerance (Lawrence et al., 1973). In perennial ryegrass, freezing tolerance
was correlated with the average temperature of the coldest month of their environment
(Lorenzetti et al., 1971). A study by Hulke et al. (2007) also found that the most winter
hardy accessions of perennial ryegrass were from high latitudes in Italy, Russia, Norway,
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and Sweden, indicating a strong connection between climactic origin and overwintering
ability.
Morphological and physiological traits such as growth rate, crown hydration and
leaf texture can also influence freezing tolerance and deacclimation susceptibility. Plants
with lower growth rates, crown moisture content and fine textured leaves tend to be more
tolerant of freezing temperatures, primarily due to the induction of dormancy and lower
evapotranspiration rates, reducing the water content inside of tissues (Kim and Beard,
1988; Zhang et al., 2011; Byun et al., 2014; Bertrand et al., 2016). Similarly, Hulke et al.
(2008) found spring growth and growth habit to be negatively correlated with freezing
tolerance.
Freezing tolerance is a complex mechanism with multiple traits and molecular
markers associated with it and selecting for a single trait or marker has shown influence
on other traits in negative ways. It has been reported that gains in cold tolerance were
negatively correlated with resistance to crown rust and leaf texture in perennial ryegrass.
This demonstrates the need for screening of cultivars both phenotypically and genetically
to identify multiple traits for selection (Thorogood, 2003). While cold acclimation has
been thoroughly studied, less is known about the characteristics and physiological
responses during cold deacclimation. The factors involved in plant deacclimation are
complex, and influence both deacclimation rate and deacclimaton sensitivity. Evidence
suggests that these are independent factors that both must be characterized to fully
understand premature deacclimation (Pagter et al., 2011). Deacclimation rate describes
the speed at which the process occurs, while deacclimation sensitivity describes traits
associated with or that predispose plants to deacclimation.
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Determining the deacclimation rate and deacclimation sensitivity of a cultivar
would be important to understand the mechanisms that plants utilize to re-acclimate
during variable weather (Pagter et al., 2011). Studies looking at timothy (Phleum
pratense L.) found that the most freezing tolerant cultivars had the fastest rate of
deacclimation (Jørgensen et al., 2010). The perennial ryegrass cultivars similarly were
responsive to deacclimation, but the initial lower freezing tolerance they had achieved,
compared to timothy, made the response less drastic and damaging (Jørgensen et al.,
2010). Compared to the vast amount of information known on cold acclimation, research
on deacclimation is limited. Further knowledge on the traits associated with
deacclimation resistance are necessary for developing cultivars with superior freezing
tolerance that can resist freeze-thaw cycles.
The objectives of this study were to screen perennial ryegrass materials for
differences in freezing tolerance following periods of cold acclimation and
deacclimation. This served as a preliminary experiment to identify interesting perennial
ryegrass accessions and/or cultivars for additional analyses at the physiological and
molecular level, to try and understand the physiological responses of deacclimation and
the genetic regulation of these responses.

2.2 MATERIALS AND METHODS

Plant Materials and Growing Conditions
Perennial ryegrass cultivars or accessions were obtained from university and
private breeding programs, including the University of Minnesota, DLF International
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Seeds (Halsey, OR), and Mountain View Seeds (Salem, OR). The selection of plant
materials was based on several criteria, including spring survival ratings and tolerances to
related abiotic stresses such as drought or salinity (Table 1). Plants were established from
seed into pots containing USGA sand (80% sand, 20% peat) and maintained under
optimal temperature and watering conditions in a greenhouse
Treatments
Following a one-month establishment period, plants were moved to controlled
environmental growth chambers (Conviron, Winnipeg, Canada) set at a constant 20 °C,
10 h photoperiod, and light intensity of 300 µmol m-2s-1 . After a period of two weeks,
plants were sequentially moved through cold acclimation treatments as follows: 20°C for
two weeks (300 µmol m-2s-1), 2°C for two weeks (300 µmol m-2s-1) and -2°C for two
weeks (0 µmol m-2s-1). For deacclimation, several temperatures and durations were
chosen for the screening, to determine not only the minimum duration needed for
deacclimation, but also the minimum temperature. The deacclimation treatments are as
follows: 8°C for 1 and 3 days, and 8°C for 2 and 5 days. Following cold acclimation,
plants were then exposed to such deacclimation treatments, with light levels of 150 µmol
m-2s-1 regardless of temperature and duration. we selected a deacclimation temperature
treatment of 8°C to represent a moderate deacclimation event that might be seen in the
field, and different durations of deacclimation exposure (1, 2, 3 and 5 d) were selected to
test short versus longer exposure to deacclimating temperatures. Following each
temperature treatment, measurements were taken as described below.
Measurements
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Leaf growth rates were measured by taking the initial height of the plant at the
start of the temperature treatment (ruler measurement of average tiller height), trimming
the plant down to 10cm, and then taking a final height measurement at the end of the
temperature treatment. Growth rates were calculated as such: (Initial height – final
height) / days of growth.
For crown moisture content, approximately 100 mg of crown tissue was harvested
and immediately weighed to determine the fresh weight (FW). The crowns were then
placed into coin envelopes and placed in an oven at 70°C for two days before measuring
the dry weight (DW). Crown moisture content was calculated as: (FW-DW)/FW*100%.
Photochemical efficiency was used to examine changes in the activity and
integrity of the photosynthesis apparatus in response to cold acclimation and
deacclimation treatments using a portable chlorophyll fluorometer (Opti-Sciences
Incorporated; Hudson, NH). Leaf photochemical efficiency (Fv/Fm) was measured
following 30 minutes of dark adaptation to ensure that PSII reaction centers were
completely oxidized (Oliveira and Penuelas, 2005). Photochemical efficiency was
measured at three different locations per pot and the resulting Fv/Fm values were
averaged for each replicate.
Freezing tolerance was determined based on the lethal temperature at which 50%
of plants were killed (LT50). Individual plants (tillers) were separated during harvest and
placed inside a moist paper towel to initiate ice nucleation, with a total of ten plants per
pot. They were then placed inside freezer bags and stored at 5°C until the harvest was
complete. Following the harvest, plants were subjected to controlled freeze tests in a
programmable freezing chamber (Scientemp Corp.; Adrian, MI) at a rate of 2°C per hour
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with a holding time of 1 hour at each test temperature (-6°C, -9°C, -12°C, -15°C, -18°C
and -21°C). After the holding period at each temperature, a subset of plants was removed
and allowed to thaw at 5°C. After thawing, plants were replanted into trays filled with
Pro-Mix and then placed in a greenhouse maintained under optimal growing conditions
(20/15°C day/night temperature). Following a 3-week regrowth period, whole plant
survival (%) was calculated for each replicate as: (no. plants survived/total no. plants) X
100. The LT50 was calculated by curve fitting percent survival to temperature using a
four-parameter sigmoid model.
Experimental Design and Statistical Analyses
Plants were randomized in the growth chamber with four replications per
temperature treatment and grass species. All data and corresponding interactions were
subjected to analysis of variance (ANOVA) according to the general linear model
procedure for the Statistical Analysis System v. 9.4 (SAS Institute Incorporated) and
means were separated using Fisher’s protected least significant difference (LSD) test at
the 0.05 probability level. At least two experimental runs were conducted with the same
cultivars and accessions to confirm differences in freezing tolerance in response to cold
acclimation and deacclimation.

2.3 RESULTS
In experiment 1, there was an increase in freezing tolerance during cold
acclimation, with the greatest freezing tolerance levels being achieved at -2C, except for
Greece and Russia accessions (Table 2.2). While many of the cultivars showed increases,
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not all those increases were statistically significant, with Fiesta-4 only having a
significant increase in freezing tolerance at -2C (-17.9C). Throughout cold acclimation
and deacclimation, Greece did not have any differences in freezing tolerance, and
maintained a statistically lower freezing tolerance from the other cultivars throughout the
experiment. In contrast, while Russia did not have a significantly different freezing
tolerance from other cultivars (excluding Greece) at 2C, it had a significantly higher
freezing tolerance at 2C (-15.7C) when compared to -2C (-14.4C). During exposure
to 8C for 1 day, cultivars Fiesta-4, Grand Slam, and S16 had significant decreases in
freezing tolerance from -2C. By 3 days of deacclimation, none of the other cultivars
showed significant decreases in expression from 1 day (Table 2.2).
In experiment 2, freezing tolerance was calculated only for temperatures of -2C,
8C for 2 and 5 days (Table 2.3). The goal of this experiment was to confirm our new
design for the freezing tolerance assessments, and make sure that there were no
differences in freezing tolerance during cold acclimation and deacclimation (Appendix
A). Our second goal was to verify our previous results in regard to the perennial ryegrass
genotypes T73 and S16, which were materials we wanted to move forward with in more
molecular studies looking into deacclimation. At -2C, T73 had the statistically highest
freezing tolerance (-15.2C) compared to the rest of the cultivars. After exposure to 8C
for 2 days, Fiesta-4, Green Emperor and T73 were the only cultivars to not exhibit a
significant loss in freezing tolerance (-12.5C, -14.2C, -15.2C), respectively. Both
Grand Slam and S16 showed a similar loss in freezing tolerance, of approximately 1.21.3C after exposure to 8C for 2 days. By 5 days, Fiesta-4, Green Emperor and T73
exhibited significant losses in freezing tolerance (-10.1C, -12.0C, -12.9C),
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respectively. And while Grand Slam did not show any significant loss in freezing
tolerance between 2 and 5 days, S16 exhibited a significant loss in freezing tolerance,
dropping from -11.9 C to -10.7C. Overall, T73 exhibited the greatest capacity for cold
acclimation and maintained its freezing tolerance after exposure to deacclimating
temperatures (8C for 2 days). Meanwhile, S16 had a lower capacity for cold acclimation
and deacclimated after exposure to 8C for 2 and 5 days (Table 2.3).
For experiment 1, both cultivar and treatment effects were found to be significant
(Table 2.4). During cold acclimation, there was a significant loss in crown moisture
content by -2C (59%) compared to 2C (73%). For deacclimation, there was no
significant difference between -2C and 8C for 1 day, but there was a significant
increase by 3 days (73%), which was similar to levels at 2C. When comparing cultivars,
Fiesta-4 and Greece (74%, 74%), respectively, had significantly greater crown moisture
contents than S16, T73 and Green Emperor (67%, 67%, 66%), respectively.
For experiment 1, cultivar and treatment were significant effects (Table 2.4).
During cold acclimation, there was a significant decrease in photochemical efficiency
from 0.62 at 2C to 0.49 to -2C. During deacclimation, there was no significant change
at 8C for 1 day, but by 3 days there was a significant increase in photochemical
efficiency (0.56). When looking at differences between cultivars, Green Emperor and
T73 had significantly greater photochemical efficiency than the rest of the cultivars (0.58
and 0.59), respectively. This is of interest since the cultivar Green Emperor was
established from the T73 population at the University of Minnesota.
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In experiment 1, we saw similar responses in growth to temperature, where
growth significantly decreased during cold acclimation, followed by subsequent
significant increases during deacclimation (Table 2.4). During cold acclimation, average
growth was 0.109 cm/day at 2 C and 0.011 cm/day at -2C. After exposure to 8C for 1
day, growth was 0.39 cm/day and 0.38 cm/day at 3 days, which were not statistically
different. Similar to experiment 1, there were no significant differences in growth rates
between cultivars (Table 2.4).

2.4 DISCUSSION
Cool-season perennial grasses can cold acclimate during winter months and attain
high levels of freezing tolerance for winter survival. However, premature deacclimation,
which results in a loss in freezing tolerance, is less understood, particularly when it
comes to traits that are associated with both a high cold acclimation capacity and
deacclimation resistance. To identify key traits that are associated with deacclimation
resistance, we screened perennial ryegrass cultivars at different deacclimation treatments
(Table 2.1). In experiment 1, the PI accession from Greece did not have any differences
in freezing tolerance and maintained a statistically lower freezing tolerance from the
other cultivars throughout the experiment (Table 2.2). A study by Kreyling et al. (2019)
found that climate origin is important in determining phenotypic plasticity, and that
phenotypic plasticity tends to be higher in populations from warmer climates due to the
greater variability in temperature and precipitation. However, for the Greece accession, it
seems that the climactic origin might have more of an impact on its ability to cold
acclimate than on its response to deacclimation. Other cultivars found to be sensitive to
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premature deacclimation were Fiesta-4, Grand Slam, and S16 (Table 2.2, Table 2.3).
These cultivars represent materials that can achieve moderate to high freezing tolerance,
and yet are susceptible to temperature fluctuations and subsequent loss in freezing
tolerance.
In experiment 1, T73 had the highest freezing tolerance, which it maintained
during exposure to short term deacclimation (Table 2.2). Similarly, Green Emperor,
which is a cultivar created through the T73 population, was not susceptible to
deacclimation, indicating the heritability of deacclimation resistance and the importance
of the genetic background. S16 demonstrated in both experiments a sensitivity to
deacclimation (Table 2.2, Table 2.3). From these screenings, we found that T73 and S16
exhibited consistent differences in their responses to deacclimation, and since they are
also closely related (half-sibs), we decided to move forward with using these genotypes
to further investigate the molecular mechanisms behind deacclimation.
Cold acclimation is a process where plants need to be able to prevent ice
formation inside cells or particular tissues and control its spread in the apoplast to prevent
desiccation, and it has been shown that reducing water content leads to greater freezing
tolerance (Kim and Beard, 1988; Zhang et al., 2011; Byun et al., 2014; Bertrand et al.,
2016). During cold acclimation, there was a significant loss in crown moisture content
and a significant increase during deacclimation, regardless of temperature or duration
(Table 2.4). In all experiments, plants reduced their crown moisture content during cold
acclimation in order to achieve freezing tolerance. Since deacclimation results in a loss in
freezing tolerance, there is an opposite physiological response from cold acclimation,
allowing for regrowth and tissue rehydration (Rapacz, 2002). Plants responded to
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deacclimation by increasing their crown moisture content to allow for regrowth in all
experiments. Overall, plants with susceptibility to deacclimation or an inability to achieve
high levels of freezing tolerance had higher levels of crown moisture content overall
(Greece and Fiesta-4). For plant growth, tissue hydration is needed to maintain turgor
pressure, demonstrating the connection between moisture content and growth rates. In all
experiments, growth rates were shown to be decreased during cold acclimation and
increase during deacclimation, which corresponds with crown moisture content (Table
2.4).
Photochemical efficiency is a measurement that investigates the efficiency that
PSII is utilizing light to fuel photosynthesis. During optimal growth conditions,
photochemical efficiency is high due to the plant utilizing photosynthesis for growth
during favorable conditions. During environmental stresses like freezing, there is a
decrease in photochemical efficiency, which can be due to the formation of reactive
oxygen species (ROS) and damage to PSII, or from the plant purposefully shutting down
PSII reaction centers to limit the amount of light and subsequent damage from ROS that
will occur when photosynthesis runs under colder conditions (Rapacz, 2002; Rapacz et
al., 2008a). Due to the importance of photoacclimation and reduction of photochemical
efficiency during cold acclimation, we hypothesized that plants that maintain higher
levels of photochemical efficiency are more likely to respond quickly to changes in
temperature, switching to regrowth and losing its freezing tolerance. To investigate
whether perennial ryegrass cultivars that differ in their responses to deacclimation have
differences in their photoacclimation capacity, we examined photochemical efficiency
(Table 2.4). There are conflicting results in studies looking at the effects of cold
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acclimation on photochemical efficiency. In a study by Rapacz et al. (2008b), Hordeum
vulgare (barley) genotypes that achieved the highest levels of freezing tolerance had the
highest level of photochemical efficiency. However, other studies have found that lower
photochemical efficiency during cold acclimation is correlated with high levels of
freezing tolerance, primarily due to the more adequate energy dissipation methods
(Rapacz et al., 2015), which was similar with our results. Increased PSII excitation
pressure which results in a lower photochemical efficiency, contributes to increased
freezing tolerance through cold activated gene expression and cessation of growth
(Rapacz, 2002). This suggests that for perennial ryegrass, decreases in photochemical
efficiency is necessary for cold acclimation and freezing tolerance.
In our experiments, there was a significant increase in photochemical efficiency
during deacclimation treatments (Table 2.4). This demonstrates that premature
deacclimation, which results in a loss in freezing tolerance and subsequent re-growth, is
associated with higher photochemical efficiency and photosynthesis that may impact a
plants ability to maintain freezing tolerance during temperature fluctuations (Rapacz,
2002; Rapacz et al., 2008a). Higher photochemical efficiency is then associated with
deacclimation and regrowth, due to lower excitation pressure, which can be damaging
during winter months (Rapacz, 2002).

2.5 CONCLUSION
The goal of our study was to identify perennial ryegrass cultivars with differences
in their responses to deacclimation and examine physiological traits that can be
associated with deacclimation susceptibility. Our results indicate that there are
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differences in responses of perennial ryegrass during deacclimation, but that there is not
much variation, making it difficult to find cultivars that are consistently deacclimation
resistant and sensitive. We identified T73 and S16 as two genotypes that were consistent
in their responses to deacclimation, even if they did not always show significant
differences in other physiological parameters. While cold acclimation is associated with
lower growth rates, crown moisture content and photochemical efficiency, our results
indicate that deacclimation is associated with higher growth rates, crown moisture
content, and photochemical efficiency, which can predispose plants to subsequent
damage during drops in temperature. Further research into these physiological responses
and their correlation with deacclimation is necessary to solidify these conclusions. For
more in-depth studies examining the molecular regulation of deacclimation, the identified
genotypes T73 and S16 will be the materials we use for further genetic and
transcriptomic studies.
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Table 2.1 Description of the perennial ryegrass cultivars, accessions, and genotypes screened
for differences in cold acclimation and deacclimation. Information includes their source
(company/breeding program/seed bank) and the reason for selection.

Cultivar

Source

Selection criteria

Fiesta-4

DLF

Freezing sensitive standard; disease tolerant.

Replicator

DLF

European cultivar; tetraploid; good survival
under ice encasement

Tetradark

DLF

tetraploid. good performance in NTEP*.

PRWHNGS-1-14

DLF

High freezing tolerance in controlled
environment experiments.

NGSPRWH-2-12

DLF

High freezing tolerance in controlled
environment experiments.

PSG 1037-12k

DLF

High freezing tolerance in field; high salt
tolerance

Green Emperor

Integra Turf

Freezing tolerance; developed from MSP
population T73.

MSP Population 08-073 (T73)

University of
Minnesota

Improved population with high cold and
disease tolerance

MSP Population 08-016 (S16)

University of
Minnesota

Improved population with high cold and
disease tolerance; reported to have
deacclimation sensitivity

PI 223178 (Greece)

GRIN*

Southern climatic origin

PI 611044 (Russia)

GRIN

Northern climatic origin

Grand Slam

Mountain View
Seeds

High freezing tolerance.

*Germplasm Resources Information Network (GRIN). *National Turfgrass Evaluation Program (NTEP)
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Table 2.2 Freezing Tolerance Assessments for Experiment 1. There is a significant interaction,
so means are separated using the interaction LSD and span over cultivar and temperature. Each
mean is calculated from four biological replicates.

Temperature Treatment
Cultivar

2C

-2C

8C 1 d

8C 3 d

-15.0 b

-14.4 b

-15.1 b

-15.0 b

-14.5 b

-15.2 b

LT50 (C)
Fiesta-4

-15.2 bc

-17.9 d

Green Emperor

-15.4 bc

-16.0 bc

Grand Slam

-15.8 c

-17.0 cd

T73

-15.5 bc

-15.3 abc

-14.5 b

-14.6 b

S16

-14.9 bc

-16.5 cd

-15.0 b

-14.8 b

PI 223178 (Greece)

-13.8 a

-13.7 a

-12.5 a

-9.1 a

PI 611044 (Russia)

-15.7 c

-14.4 ab

-15.0 b

-14.2 b

* Means followed by the same letter are not significantly different according to Fishers protected LSD (P <
0.05).
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Table 2.3 Freezing Tolerance Assessments for Experiment 2. There is a significant interaction,
so means are separated using the interaction LSD and span over cultivar and temperature. Each
mean is calculated from four biological replicates.

Temperature Treatment
Cultivar

2C

-2C

8C 2 d

8C 5 d

LT50 (C)
Fiesta-4

--

-12.7 cdef

-12.5 def

-10.1 h

Green Emperor

--

-14.1 b

-14.1 b

-12.0 e

Grand Slam

--

-13.6 bc

-12.3 def

-11.7 efg

T73

--

-15.2 a

-15.2 a

-12.9 cde

S16

--

-13.1 bcd

-11.9 ef

-10.7 gh

* Means followed by the same letter are not significantly different according to Fishers protected LSD (P <
0.05).
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Table 2.4 Physiological analyses for Experiment 1. Crown Moisture Content (%), Photochemical
Efficiency (Fv/Fm), and Growth rates (cm d-1) of perennial ryegrass cultivars during cold
acclimation and deacclimation. There was no significant interaction, so means were separated
within treatment using the treatment LSD. Each mean is calculated from four biological
replicates.

Cultivar

Crown Moisture
(%)

Fiesta-4

73.9 a

Photochemical
Efficiency
(Fv/Fm)
0.550 b

Growth
(cm d-1)

Green Emperor

66.0 b

0.597 a

0.276 a

Grand Slam

69.9 a

0.558 b

0.277 a

T73

67.1 b

0.590 a

0.213 a

S16

67.8 b

0.560 b

0.232 a

PI 223178 (Greece)

73.6 a

0.548 b

0.268 a

PI 611044 (Russia)

68.3 ab

0.561 b

0.277 a

2C

73.2 a

0.624 a

0.109 b

-2C

59.7 b

0.493 c

0.011 b

8C 1 d

59.3 b

0.480 c

0.396 a

8C 3 d

73.5 a

0.563 b

0.377 a

0.220 a

Temperature Treatment

* Means followed by the same letter are not significantly different according to Fishers protected
LSD (P < 0.05).
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CHAPTER 3

CHANGES IN CANDIDATE GENE EXPRESSION IN RESPONSE TO COLD
ACCLIMATION AND DEACCLIMATION IN PERENNIAL RYEGRASS
GENOTYPES WITH DIFFERING LEVELS OF FREEZING TOLERANCE

3.1 INTRODUCTION
Freezing tolerance is a complex trait characterized by a major reorganization at the
genetic level and is accompanied by the up- and down-regulation of many transcription factors
and genes (Xiong, Schumaker, and Zhu, 2002; Zhu et al., 2004; Chinnusamy et al., 2006;
Monroy et al., 2007). At least two pathways have been found to be important in the regulation of
genes for freezing tolerance, which include Abscisic Acid (ABA) -independent and ABAdependent pathways (Seki et al., 2001; Haake et al., 2002; Yamaguchi-Shinozaki and Shinozaki,
2006; Nakashima, Ito, and Yamaguchi-Shinozaki, 2009). One of the most well-characterized
pathways associated with activation of cold acclimation include a group of transcription factors
within the C-repeat/dehydration-responsive element binding factor family (CBF), which activate
the downstream expression of cold-responsive (COR) genes (Zhu et al., 2004; Peng et al., 2008a;
Barrero-Gil and Salinas, 2013; Shi et al., 2017). Research using Arabidopsis thaliana plants to
study the effects of CBF genes on stress responses found that plants overexpressing a CBF gene
had greater freezing tolerance and drought adaptation (Haake et al., 2002). These genes have
been shown to be rapidly and transiently induced upon exposure to low temperatures (Seki et al.,
2001), and a study by Shi et al. (2017) found 3,000 COR genes to be regulated by CBF1, CBF2
and/or CBF3. However, only around a third of the genes induced by cold are regulated by the
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CBF regulon, which is suggestive of the involvement of other signaling pathways, like the ABAdependent pathway (Vogel et al., 2005; Monroy et al., 2007).
Many COR have been shown to be involved in cryoprotection and stabilization of cell
components to minimize damage under freezing conditions (Peng et al., 2008a; Zhao et al.,
2016). During cold acclimation, research has shown that genes involved in protection against ice
formation and cell structure are upregulated while genes involved in photosynthesis are repressed
to prevent photooxidation (Zhang et al., 2011; Bertrand et al., 2016) due to the inhibition of
photosystem II (Rapaz, 2002; Allan and Ort, 2001). Many of these cryoprotectant genes,
including Late Embryogenesis Abundant (LEA), dehydrins, Antifreeze protein (AFP) and Ice
recrystallization inhibition (IRI) help to mitigate intracellular and extracellular ice formation, and
assist in membrane stabilization (Qureshi et al., 2007; Zhang et al., 2011). Plants also accumulate
compatible solutes such as soluble sugars and amino acids to help maintain osmotic potential in
cells and reinforce cellular stability (Arai, 2019). Several cold responsive genes have been shown
to be involved in carbohydrate metabolism, with carbohydrates produced during cold acclimation
stored as reserves for spring re-growth, as well as fortifying and preventing alterations of the
physical state of membranes during periods of freezing temperatures (Bertrand et al., 2016; Zhao
et al., 2016). Other solutes upregulated can be reutilized for regrowth, either being recycled to
make new products or used directly when the environment is suitable for growth (Guy et al.,
2008).
Studies have investigated genes important for cold acclimation and overwintering in
many cereal and cool-season perennial grass species. These grasses, such as perennial ryegrass
(Lolium perenne L.) use fructans as the main storage carbohydrates. The amount, type, and
accumulation trend will vary depending on species (Chalmer et al., 2005; Livingston et al.,
2009a; Tamura et al., 2014). These fructose polymers can also differ in the number of glycosidic
linkages, branching patterns, and size, depending on species. Synthesis of fructans occurs in the
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vacuole, and is initiated when photosynthesis exceeds demands for photosynthates, i.e. when
sucrose accumulates in sink organs to a certain level (Pavis et al., 2001; Chalmers et al., 2005;
Livingston et al., 2009b). While there are natural variations in the specific enzymes responsible
for biosynthesis of fructans, there are four main fructosyltransferase genes typically involved, and
activity can change based on substrate availability. Research has shown that environmental
conditions are one of the main factors influencing biosynthesis of fructans and fructan
accumulation (Hisano et al.,2004; Livingston et al., 2009; Tamura et al., 2014). During the
process of cold acclimation, cool-season grasses typically accumulate these long-chain fructans in
crown (meristematic) tissue at the base of the plant when cool temperatures inhibit growth, but
photosynthesis continues (Nagaraj et al., 2004; Chalmers et al., 2005; Livingston et al., 2009).
Mobilization of fructans occurs by the trimming of long-chain fructans by fructan exohydrolases
(FEH) (Chalmers et al., 2005; Livingston et al., 2009). During subzero cold acclimation,
research has shown that these genes are upregulated in crown tissues of Timothy grass (Phleum
pratense L.) (Tamura et al., 2014). Transgenic perennial ryegrass plants overexpressing wheat
(Triticum aestivum L.) fructosyltransferase genes had greater accumulation of fructans and
overall greater freezing tolerance, further demonstrating the association between freezing
tolerance and fructan synthesis (Hisano et al., 2004).
Similarly to fructans, ice recrystallization inhibition (IRI) genes have been characterized
in their importance in freezing tolerance in perennial ryegrass. Zhang et al. (2010) isolated two
IRI genes (IRI-a, IRI-b) from a cold tolerant cultivar of perennial ryegrass. Using quantitative
reverse transcriptase PCR (qRT-PCR), they found that these genes were upregulated
approximately 40 fold just 1 hour after exposure to cold acclimation, and that by the end of 1
week of cold acclimation, expression levels for both genes were 1,000 fold (IRI-b) and 8,000 fold
(IRI-a) times greater than the control (Zhang et al., 2010). Similarly, other studies have shown
that the accumulation of these IRI proteins is correlated with enhanced freezing tolerance, and
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that these genes have evolved specifically in the Pooideae subfamily lineage to allow grasses to
achieve high levels of freezing tolerance (Sandve et al., 2008; Zhang et al., 2010).
There has been less research investigating the physiological and genetic responses
associated with deacclimation, which is a process that naturally occurs during the transition from
winter to spring but is problematic when it occurs during winter months. This process is
associated with a loss in freezing tolerance and subsequent resumption of growth, triggered by
changes in day length and temperature (Rapacz, 2002; Kalberer et al., 2006; Byun et al., 2014).
A study looking at gene expression during cold acclimation and deacclimation in Arabidopsis
found that defense and stress related genes were induced early during cold acclimation, and that
during deacclimation, a large proportion of those genes reverted to expression levels similar to
non-acclimated plants (Byun et al., 2014). Genes involved in photosynthesis and lipid
metabolism were found to be upregulated in deacclimated plants (Byun et al., 2014). Similarly,
Zuther et al (2015) found that COR genes were downregulated during deacclimation in
accessions of Arabidopsis, with greater changes in expression being observed in the less freezing
tolerant accessions. Interestingly, by three days of deacclimation, most of the COR genes showed
recovery to levels higher than non-acclimating levels of expression, indicating a strong
association with gene expression, temperature and duration of deacclimation (Zuther et al., 2015).
Variability in winter temperatures is increasing the pertinence of knowledge on the deacclimation
process, especially since freeze-thaw events are predicted to increase and cultivars susceptible to
deacclimation will be significantly affected. Since there has been less research into the regulation
of the deacclimation process, the objectives of this study were to examine the expression patterns
of genes known to be crucial in the cold acclimation process of grasses during deacclimation. The
results of this study will help to determine whether different cultivars/genotypes exhibit
differential gene expression during cold acclimation and deacclimation and further understanding
of mechanisms that could help regulate these processes.

82

Based on our knowledge of cold acclimation (acquisition of freezing tolerance) and
deacclimation physiology (loss in freezing tolerance), we hypothesized that A) genes would be
differentially regulated during deacclimation, B) cold acclimation would be associated with
increased expression of genes involved in freezing tolerance, and C) deacclimation would result
in lower expression of genes involved in freezing tolerance. Genotypes were selected based on
their responses to deacclimation (i.e., deacclimation tolerant, deacclimation sensitive). By
describing how gene expression differs between genotypes during cold acclimation and
deacclimation, we will better understand the genetic changes associated with these two processes
and further elucidate how differential regulation of genes predisposes plants to deacclimation
susceptibility.

3.2 MATERIALS AND METHODS

Plant Material and Growing Conditions
Selected perennial ryegrass genotypes were obtained from the University of
Minnesota breeding program and were screened for differences in freezing tolerance and
deacclimation sensitivity. For the current research, two genotypes were selected based on
their differential changes in freezing tolerance in response to warming temperature, and
were designated as deacclimation tolerant (DA-TOL, line T73) and deacclimation
sensitive (DA-SENS, line S16). Genotypes were vegetatively propagated from stock
plants into pots (10 cm x 10 cm) pots filled with a sand-based media (80% sand, 20%
peat) and established in the greenhouse for three months under optimal temperature
conditions (20/15°C day/night temperature). Plants were fertilized weekly with halfstrength Hoagland’s solution, hand trimmed weekly to a height of approximately 10 cm,
and watered three times per week. Once plants uniformly covered a majority of the pot

83

surface, plants were then moved into growth chambers (Conviron, Winnipeg, Canada) set
at 20°C (day/night temperature), with a 10-hr photoperiod, and light intensity of 300
µmol m-2s-1 for two weeks prior to initiating temperature treatments.
Treatments
To induce cold acclimation, plants were sequentially moved through cold
acclimation treatments as previously described by Hoffman et al. (2010): 20°C for two
weeks, 2°C for two weeks (300 µmol m-2s-1) and -2°C for two weeks. The light intensity
was maintained at 300 µmol m-2s-1 during the period of cold acclimation at 20°C and
2°C, and then at 0 µmol m-2s-1 during the sub-zero cold acclimation period at -2°C. For
deacclimation treatments, plants were removed from -2°C and exposed to either 4°C
(representing a mild deacclimation temperature) or 8°C (representing a moderate
deacclimation temperature). In addition to the deacclimation temperature, two different
durations (1 d and 5 d) were also included as part of the treatment structure, which
resulted in four total deacclimation treatments representing mild to more extreme
deacclimation events (4°C for 1 d and5 d, 8°C for 1 and 5 d). Following exposure to each
temperature treatment, grass leaves and crowns were destructively harvested from four
biological replicates of each genotype by deacclimation treatment combination and stored
at -80°C until RNA extraction. Extra crown tissues were harvested for evaluation of
crown moisture content, and whole plants were harvested for freezing tolerance
assessment as described below.

Measurements
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Freezing tolerance was determined based on the lethal temperature at which 50%
of plants were killed (LT50). Ten individual plants per treatment were separated during
harvest and placed inside a moist paper towel to initiate ice nucleation. These tillers were
then placed inside plastic bags (unsealed) and stored at 4°C until the harvest was
complete. The bags containing the plants were then moved to a programmable freezing
chamber (Scientemp Corp.; Adrian, MI) for controlled freeze tests. The program was set
to decrease temperature at a rate of 2°C per hour with a holding time of 1 hour at each
test temperature (-6°C, -9°C, -12°C, -15°C, -18°C and -21°C). After the holding period at
each temperature, a subset of plants was removed and allowed to thaw at 4°C until freeze
tests were complete. Plants were then replanted into trays filled with Pro-Mix and placed
in a greenhouse maintained under optimal growing conditions (20/15°C day/night
temperature). Following a 3-week regrowth period, whole plant survival (%) was
calculated for each replicate as: (no. plants survived/total no. plants) X 100. The LT50
was calculated by curve fitting percent survival to temperature using a four-parameter
sigmoid model based on the methods previously described by Ebdon et al. (2002).
For calculation of crown moisture percent, approximately 100 mg of crown
tissues (leaves and roots removed) were harvested and immediately weighed to record
fresh weight (FW). Crowns were then placed in an oven at 70°C for a minimum of 72 h
prior to measuring dry weight (DW). Crown moisture content was calculated as: (FWDW)/FW*100%.
Candidate genes were selected based on prior research demonstrating their
importance in freezing tolerance in perennial grasses. The genes selected are C-repeat
binding factor 3 (CBF3) (Xiong and Fei, 2006), Ice recrystallization inhibitor A and B
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(IRI-a/b) (Zheng et al., 2010), 1-sucrose-sucrose fructosyltransferase (Prft1) (Hisano et
al., 2008) , 1 fructan exohydrolase (1-FEH) (Abeynayake et al., 2015), and a plasma
membrane intrinsic protein (PIP1) (Yu et al., 2013), as detailed in the Table 3.1.
Approximately 80-100 mg of tissues (crown or leaves) were ground in liquid
nitrogen to release the ribonucleic acid (RNA) using a mortar and pestle that had
previously been autoclaved. The mortar and pestle were cooled down using liquid
nitrogen, and then tissue samples were added and ground into a fine powder. Samples
were then immediately weighed and placed in the -80°C freezer until all the samples were
ready for RNA extraction. Between each tissue sample, the mortar and pestle were
cleaned with ethanol before being cooled down again by liquid nitrogen. Two pairs of
gloves were worn to make sure there was no skin or outside contamination during
grinding. Single biological replicates of a genotype x treatment x tissue type from all of
the samples went through grinding, RNA extraction, quantification, and RT-PCR on the
same day.
The Spectrum Total Plant RNA kit (Sigma Aldrich, Inc. Saint Louis, MO) was
used to extract RNA from the samples, following Protocol A instructions, while
removing possible contaminants such as genomic deoxyribonucleic acid (DNA) with the
on-column DNASE I Digest step (Sigma Aldrich, Inc. Saint Louis, MO). The RNA
concentration and quality were examined using a Nanodrop 2000 (Thermo Scientific,
Waltham, MA), and samples with low concentration (below 10 µg), or indications of
contaminants from DNA or protein (an A260/280 ratio > 1.9, A260/280 ratio > 1.8) were
removed. To convert the RNA to cDNA, reverse transcription was performed on 1µg of
each quantified elution using the QuantiTect Reverse Transcription Kit (Qiagen, Hilden,
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Germany) following the manufacturer’s instructions. This kit uses non-specific primers
and has a genomic DNA removal step. The cDNA from each sample was diluted using
nuclease free water to 1 in 10 µl and then stored at -20°C until use. We previously
determined the percent efficiency of the primers using the 2°C DA-TOL leaf cDNA.
These samples were diluted at 1/5, 1/10, 1/25, 1/125, and 1/625 for a qPCR standard
curve with every gene used. The threshold cycle (Ct) was plotted against the log of the
dilution, and the slope of that line was used to determine percent efficiency
(Eeff=100%*(10^(-1/slope)-1)) and exponential amplification (Eamp=(10^(-1/slope)) of
that gene’s amplification. For qPCR, a Rotor-Gene-Q qPCR machine (Qiagen, Hilden,
Germany) was used with gene specific primers and SYBR Green dye (ABsolute Blue
qPCR SYBR Green plus ROX vial, Thermo Scientific, Waltham, MA) in 25 l reactions
without the addition of MgCl or ROX. Manufactors instructions from the Absolute Blue
qPCR SYBR Green kit were followed, using 1 M of primer from working stocks and
1l of diluted cDNA in each reaction. The cycle used for PCR was 95 for 15 mins, and
then 45 cycles of 95 for 15 s, a variable TM step, and annealing of 72 for 30 s. The
melting step conditions for each primer and the sequences used are listed in a Table 2.
For IRI-a, there was an extra final extension step of 55 C for 30 s.
For each qPCR run, a single gene was tested at each condition for both genotypes
and contained the gene of interest and an internal reference gene (elongation factor 4
alpha, elf4A). Leaves and crowns from five individual clonal plants (each considered to
be its own biological replicate) were pooled in order to provide sufficient tissue content
for RNA extraction. An additional run with a separate set of five individual plants were
also included, along with three technical replicates from the pooled extracts from each
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run. If amplification was observed in late (35-45) cycles, they were considered to have no
amplification and were re-run for accuracy. Melting analysis was used to look for a single
melting curve to make sure there was only one product per primer. To determine relative
expression, 2-Ct was calculated, with acclimation treatments being normalized to 20°C
and deacclimation treatments normalized to -2°C (Livak and Schmittgen, 2001).
Technical replicates with high variation (SD>1) were removed and samples were re-run.
The primer sequences for each gene are provided in Table 3.2.
Experimental Design and Statistical Analyses
The experiment consisted of two genotypes (DA-TOL and DA-SENS) and seven
cold acclimation/deacclimation temperatures (20°C, 2°C, -2°C, 4°C for 1 and 5 d, and
8°C for 1 and 5 d). Plants were completely randomized in the growth chamber, with four
replications per genotype-temperature treatment combination. All main effects and
corresponding interactions were subjected to analysis of variance (ANOVA) according to
the general linear model procedure for the Statistical Analysis System v. 9.4 (SAS
Institute Incorporated, Research Park, NC) and means were separated using Fisher’s
protected least significant difference (LSD) test at the 0.05 probability level. For gene
expression, student T-Tests were used to separate means using SAS v.9.4 (SAS Institute,
Research Park, NC) to determine if the mean differences in relative expression are
significant between the two genotypes at each temperature at the P ≤ 0.05.

3.3 RESULTS

Freezing Tolerance
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In response to cold acclimation treatments, both perennial ryegrass genotypes
exhibited significant increases in freezing tolerance (as indicated by a lower LT50), with a
maximum level of freezing tolerance achieved at -2°C (Table 3.3). The DA-TOL
genotype reached a higher level of freezing tolerance compared to DA-SENS in response
to cold acclimation (LT50 of -14.9°C vs -13.5°C for DA-TOL and DA-SENS,
respectively). When plants were shifted from -2°C to 4°C for 1 d, DA-SENS exhibited a
significant loss in freezing tolerance from -13.5°C to -12.0°C, whereas DA-TOL
maintained its freezing tolerance statistically similar to that at -2°C. Following prolonged
exposure to 4°C for 5 d, the freezing tolerance of DA-TOL was significantly reduced and
was statically similar to that of DA-SENS (LT50 of -12.7 and -12.8°C, respectively).

Crown Moisture Content

The percent crown moisture significantly decreased during cold acclimation from
approximately 80% at 20°C to 72% at -2°C (averaged over both genotypes) (Table. 3.3).
There were no statistical differences in crown moisture at -2°C among the two genotypes.
In response to deacclimation treatment at 4°C for 1 d, the crown moisture content
increased for both genotypes, but was statistically higher for DA-SENS (80.5%)
compared to DA-TOL (76.7%). When exposed to 4°C for 5 d, both genotypes had similar
crown moisture content of approximately 78%.

Gene Expression

CBF3 Leaf Tissue
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In response to cold acclimation at 2 and -2C, CBF3 expression levels for DATOL significantly increased compared to expression at 20C (Fig. 3.1a). The CBF3
expression level was higher at 2C compared to -2C for this genotype. In contrast, DASENS did not exhibit any significant differences in CBF3 expression during cold
acclimation compared to expression at 20C. When comparing genotypes, DA-TOL
exhibited significantly higher CBF3 expression compared to DA-SENS. In response to
cold deacclimation treatments, the CBF3 expression levels were similar at 4C
(regardless of duration) compared to -2C and no genotype differences were observed
(Fig. 3.1b). However, when exposed to 8C, the DA-SENS genotype exhibited a
significant increase in leaf CBF3 expression compared to DA-TOL.
CBF3 Crown Tissue
Similar to what was observed in leaf tissues, cold acclimation treatments
generally resulted in higher CBF3 expression in crowns of the DA-TOL genotype
compared to 20C, with the highest expression observed at -2C (Fig. 3.1c). In contrast,
DA-SENS did not exhibit any significant changes in CBF3 expression during cold
acclimation, even though there was a trend for increased expression at -2C. In response
to warming, CBF3 expression levels varied based on genotype and deacclimation
temperature and duration. In general, DA-TOL had lower crown CBF3 expression at 4C
(1 and 5 d) and 8C (5 d) compared to expression at -2C (Fig 3.1d). However, DA-TOL
had the highest CBF3 expression at 8C for 1 day compared to all other treatments. When
exposed to 4C for 1 d, the DA-SENS genotype initially maintained CBF3 expression
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levels similar to that at -2C, but then exhibited an increased expression at 5 d. At the
warmer temperature exposure of 8C, the crown CBF3 levels were significantly reduced.
PIP1 Leaf Tissue
During cold acclimation, there was a significant increase in leaf PIP1 expression
at both 2C and -2C, compared to 20C for DA-SENS (Fig. 3.2a). However, there were
no changes in the leaf PIP1 expression levels for DA-TOL in response to cold
acclimation. In response to warming at 4C, there was an initial increase in leaf PIP1
expression for 1 d for both genotypes (Fig. 3.2b). The DA-TOL genotype maintained
high PIP1 expression at 4C for 5 d as well as 8C for 1 d, before declining under
prolonged deacclimation at 8C for 5 d.
PIP1 Crown Tissue
Similar to PIP1 responses in leaf tissues during cold acclimation, there was a
significant increase in crown PIP1 expression for DA-SENS at acclimation temperatures
of 2C and -2C compared to 20C (Fig. 3.2c). There were no changes in PIP1 expression
during cold acclimation for DA-TOL, and overall expression levels remained lower
compared to that of DA-SENS. When shifted from -2C to either 4C or 8C, there was a
significant decrease in crown PIP1
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expression (Fig. 3.2d). In general, DA-SENS maintained higher PIP1 expression
compared to DA-TOL across most deacclimation treatments (4C for 1 and 5 d; 8C for 5
d).
IRI-a Leaf Tissue
Compared to plants at 20C, there was a significant increase in IRI-a
expression at the sub-zero acclimation treatment of -2C only for the DA-TOL genotype
(Fig. 3.3a). At this temperature, DA-TOL exhibited significantly higher expression
compared to DA-SENS. Although DA-SENS did seem to exhibit a trend for higher
expression at -2C compared to 20C, this change was not found to be statistically
significant. Warming treatments resulted in a significant decrease in IRI-a expression
across all deacclimation treatments (Fig. 3.3b). In general, the DA-SENS genotype
maintained higher IRI-a expression at 4C (1 and 5 d) as well as 8C (1 d). When
comparing the effects of warming duration, there was generally lower expression at 1 d
vs 5 d of warming.
IRI-a Crown Tissue
Whereas changes in leaf IRI-a expression was not significantly altered until -2C
treatment, crown IRI-a expression was the highest at 2C for the DA-TOL genotype (Fig.
3.3c). Similar to responses observed in leaf tissues, there were no significant changes in
crown IRI-a expression for DA-SENS at either 2C or -2C. In response to warming,
there was a significant increase in crown IRI-a expression only for DA-TOL, at all
deacclimation temperatures and duration (Fig. 3.3d). When comparing the gene
expression based on temperature treatments, DA-TOL maintained higher IRI-a
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expression at lower temperature (4C vs 8C) and at less duration (1 vs 5 d). There were
no statistical differences observed in IRI-a expression for DA-SENS among the four
deacclimation treatments.
IRI-b Leaf Tissue
Similar to IRI-a responses in leaf tissues, DA-SENS showed no significant
alterations in leaf IRI-b expression during cold acclimation. However, IRI-b expression
was significantly increased at 2C and -2C compared to 20C for the DA-TOL genotype
(Fig. 3.4a). The DA-TOL genotype had significantly higher expression at 2C and -2C
compared to DA-SENS. In contrast to IRI-a responses during deacclimation, IRI-b
expression levels increased in response to exposure to 4C for both genotypes and were
higher only for DA-TOL at 8C (Fig. 3.4b). At the warmer temperature exposure of 8C,
DA-TOL maintained higher IRI-b expression levels compared to that of DA-SENS, and
were statistically similar to the expression levels at 4C.
IRI-b Crown Tissue
The IRI-b expression in crowns followed a similar pattern to that observed in leaf
tissues, with significant increases in expression only for the DA-TOL genotype at both 2
and -2C compared to 20C (Fig. 3.4c). There were no significant changes in crown IRI-b
expression for DA-SENS during cold acclimation. Genotypes differened in their IRI-b
expression during cold deacclimation. The DA-TOL genotype exhibited an increase in
expression in response to prolonged warming at 4C for 5 days and 8C for 5 (Fig. 3.4d).
In contrast, the crown IRA-b expression decreased for DA-SENS under prolonged
warming exposure at 4C 5 days, and 8C for 1 and 5 days.
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Prft1 Leaf Tissue
Cold acclimation was associated with an increase in Prft1 expression for both
perennial ryegrass genotypes, although maximum expression varied depending on the
acclimation temperature (Fig. 3.5a). For example, DA-SENS exhibited higher Prft1 at
2C, whereas DA-TOL had higher expression at -2C. Genotypes responded similarly to
warming treatments, with a significant increase in expression being achieved at 4C for 5
days (Fig. 3.5b). Expression was also significantly higher at the milder deacclimation
temperature of 4C for 5 days compared to the moderate deacclimation temperature of
8C for both durations.
Prft1 Crown Tissue
An increase in crown Prft1 expression levels were observed in response to cold
acclimation for the DA-TOL genotype, with peak expression at -2C (Fig. 3.5c). There
were no significant differences in crown Prft1 expression for DA-SENS at either 2C or 2C compared to 20C. In response to warming, there was a general increase in Prft1
expression that varied according to genotype and temperature (Fig. 3.5d). The highest
expression was observed for DA-TOL, particularly at higher temperature (8C) and
longer deacclimation duration (5 d). Similarly, the Prft1 expression of DA-SENS
increased at 8C relative to that at -2C. At these temperature treatments, DA-TOL
maintained significantly higher crown Prft1 expression compared to DA-SENS.
1-FEH Leaf Tissue
In response to cold acclimation, the leaf 1-FEH expression generally
increased, reaching peak expression at -2C for both genotypes (Fig. 3.6a). The DA-TOL
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genotype had significantly higher levels of expression at both 2C and -2C, compared to
DA-SENS. During cold deacclimation, 1-FEH expression levels increased, particularly
for DA-TOL at 8C durations (Fig. 3.6b). At the milder temperature treatment of 4C,
there were no differences in expression when comparing the genotypes. Interestingly,
there were opposite trends in expression between 4C and 8C. While 1-FEH expression
increased with duration at 4C, expression decreased with duration at 8C.
1-FEH Crown Tissue
There was a significant increase in crown 1-FEH expression at 2C and -2C
compared to 20C for DA-TOL (Fig. 3.6c). In contrast, crown expression levels were
reduced in these treatments for DA-SENS compared to expression at 20C.
Consequently, DA-TOL exhibited significantly higher expression compared to DA-SENS
during cold acclimation. In response to warming, the 1-FEH expression levels in crowns
of DA-SENS were reduced at 4C and 8C compared to -2C, regardless of warming
duration (Fig. 3.6d). The DA-TOL genotype exhibited a somewhat different expression
pattern during deacclimation compared to DA-SENS. Initially, upon exposure to 4C or
8C for 1 d, there was a reduction in 1-FEH expression (similar to DA-SENS). However,
following prolonged warming at 4C or 8C for 5 d, the crown 1_FEH expression
significantly increased relative to that of -2C and all other treatments.
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3.4 DISCUSSION
A significant number of investigations in freezing tolerance research have focused
on the regulation of freezing tolerance associated with cold acclimation. As expected, a
period of cold acclimation resulted in increased freezing tolerance for the two genotypes
of perennial ryegrass. When plants were subjected to warming following subzero
acclimation at -2C, a decrease in freezing tolerance was observed for DA-SENS in
response to short-term exposure to 4C for 1 d, whereas DA-TOL maintained its freezing
tolerance similar to that of -2C. Following prolonged warming at 4C for 5 d, both
genotypes exhibited reduced freezing tolerance (Table 3.3). While DA-TOL did
eventually exhibit a loss in freezing tolerance, DA-SENS demonstrated sensitivity to
deacclimation by significantly losing freezing tolerance after short term exposure. While
cold acclimation resulted in increased freezing tolerance, it also resulted in decreased
crown moisture content in both genotypes, which was to be expected since cold
acclimation is associated with cellular dehydration and control of ice formation between
cells (Chinnusamy et al., 2006; Bertrand et al., 2016; Zhao et al., 2016). After exposure to
deacclimation, both genotypes showed an increase in crown moisture content, but DASENS had significantly greater crown moisture content than DA-TOL (Table 3.3). The
process of deacclimation is associated with rehydration of tissues, which can be
problematic when temperatures drop during winter warming events (Welling et al.,
2004). In a study by looking at the response of hydrangea species (Hydrangea
macrophylla and Hydrangea paniculate) to deacclimation, rehydration varied amongst
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the cultivars along with differences in freezing tolerance (Pagter et al., 2008), suggesting
that rehydration rate can play a role in deacclimation susceptibility.
For plants to acquire freezing tolerance, multiple transcription factors and genes
are upregulated for protection against the cellular stresses associated with freezing
(Xiong et al., 2002; Zhu et al., 2004; Chinnusamy et al., 2006; Monroy et al., 2007).
Some of the most well studied transcription factors in regard to freezing tolerance are the
C-repeat binding factor (CBF) genes, CBF1, CBF2 and CBF3. In perennial ryegrass, 10
putative CBF genes have been identified from cold acclimated leaf tissue, and a study by
Tamura and Yamada (2007) demonstrated that certain groups of these genes were rapidly
induced by low temperature. Phylogenetic analysis revealed the conserved synteny of
CBF genes between perennial ryegrass and Triticaea cereal species, demonstrating the
genetic importance of these genes in overwintering in perennial grasses (Tamura and
Yamada, 2007). Another study by Xiong and Fei (2006) identified and characterized the
function of CBF3 in perennial ryegrass by overexpressing the gene in transgenic
Arabidopsis. Under non-cold acclimating conditions, transgenic plants had significantly
greater freezing tolerance than wild type plants, and postponed flowering phenotypes
(Xiong and Fei, 2006).
A study comparing Arabidopsis ecotypes with differences in freezing tolerance
concluded that expression of CBF genes is significantly correlated with freezing
tolerance (Hannah et al., 2006). In perennial ryegrass, a study by Yu et al. (2015)
identified LpCBF1b as being closely associated with winter survival and regrowth during
spring. Allelic variation in CBF has could also account for variation in freezing tolerance
between cultivars (Zhao and Bughrara, 2008; Huang et al., 2014). There have not been
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many studies investigating the physiological and molecular responses of deacclimation,
and not much is known in regard to its regulation. To understand the responses of such
important transcription factors during deacclimation, we quantified relative gene
expression of CBF3 during both cold acclimation and deacclimation in two genotypes
with contrasting responses to deacclimation (Fig. 3.1). Deacclimation results in a loss in
freezing tolerance, indicating that there is differential regulation of transcription factors
and genes important in the acquisition of freezing tolerance. Therefore, it was expected
that DA-SENS would have lower expression of CBF3 during deacclimating temperature
when compared to DA-TOL (Fig. 3.1a). The results showed that there was higher
expression of CBF3 in DA-TOL during cold acclimation, regardless of tissue type. This
suggests that DA-TOL has higher levels of cold-regulated genes than DA-SENS, which
might help the plant maintain its freezing tolerance during sudden exposure to warmer
temperatures.
In leaf tissue, short durations of deacclimation, regardless of temperature had
higher expression of CBF3 (Fig. 3.1b). That indicates that as deacclimation is prolonged,
expression of cold regulated genes decreases, leaving the plant more susceptible to
deacclimation. However, DA-SENS had significantly greater expression than DA-TOL,
which was unexpected since DA-SENS lost freezing tolerance at 1 day, while DA-TOL
maintained its freezing tolerance. Like leaf tissue, in crown tissue, DA-SENS had
significantly greater expression of CBF3 at 4C, regardless of duration (Fig. 3.1d). There
are a few explanations that could account for why DA-SENS has greater expression of
CBF3 during deacclimation. In a study by Zhao et al. (2016) which used CRISPER to
create mutants of each of the CBF genes in Arabidopsis, they suggest that CBF2 is more
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important for basal freezing tolerance than CBF 1 or 3 due to the level of injury observed
in the CBF2 mutants after freezing stress. Since CBF2 negatively regulates CBF3
(Novillo et al., 2004), it can be hypothesized that a lower expression level of CBF3 in the
DA-TOL genotype is caused by greater expression of CBF2, which may contribute to the
resistance to deacclimation at 1 day. A study by Shi et al. (2017) demonstrated that both
CBF2 and CBF3 induce cold regulated gene expression that are important for the cold
acclimation process, but that these genes are different. It may be possible then that the
genes induced by CBF2 are more important for maintenance of freezing tolerance during
warming events. On the other hand, CBF genes are regulated by the circadian clock
(Dong et al., 2011), and for each genotype, there could be a different time of peak
expression influenced by both temperature and photoperiod.
Aquaporins are channel proteins that facilitate the transport of water across
membranes, and are part of a larger family of intrinsic proteins. Water relations is an
important part of freezing tolerance, due to the potential for ice formation inside cells and
between cells, resulting in desiccation and subsequent damage (Peng et al., 2008b). To
understand intracellular water relations during deacclimation, we quantified relative gene
expression of PIP1, a plasma membrane aquaporin, during both cold acclimation and
deacclimation in two genotypes with contrasting responses to deacclimation (Fig. 3.2). In
leaf tissue and crown tissue, DA-TOL had significantly lower expression levels of PIP1
during cold acclimation, whereas DA-SENS increased PIP1 expression (Fig. 3.2a, 3.2b).
Peng et al. (2008b) examined aquaporin gene expression during cold acclimation
in Rhododendron (Rhododendron catawbiense) and found that aquaporin genes were
downregulated during cold acclimation to resist cellular desiccation and concluded that it
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is an important part of the acclimation process, which was shown in the DA-TOL
genotype. Peng et al. (2008b) also concluded that overexpression of such aquaporin genes
compromises a plants ability to acquire freezing tolerance. Increases in expression during
cold acclimation, regardless of tissue type, was observed in the DA-SENS genotype. This
suggests that DA-SENS has a lower capacity to cold acclimate and acquire freezing
tolerance, but that this could also have an impact on deacclimation response.
Deacclimation is associated with rehydration of tissues and loss of freezing tolerance
(Welling et al., 2004). If DA-SENS had higher levels of expression during cold
acclimation, it could mean that the plant is predisposed to water rehydration, loss of
freezing tolerance, and deacclimation. We saw results connecting the gene expression
data to physiology, with early tissue rehydration in DA-SENS after exposure to 4C for 1
day (Table 3.3).
While both genotypes exhibited increases in crown moisture at this temperature
treatment, DA-SENS had significantly greater crown moisture content when compared
with DA-TOL, which could, along with greater expression of PIP1, predispose this
genotype to premature deacclimation (Fig. 3.2).
IRI proteins have been shown to have critical involvement in the cold acclimation
process, particularly in perennial ryegrass (Zhang et al., 2009; Zhang et al., 2010). In a
study by Zhang et al. (2010), results showed an increase in expression for both IRI-a and
IRI-b in perennial ryegrass during just 1 hour of cold acclimation, and when
overexpressed in non-acclimated plants, plants developed freezing tolerance without
exposure to low temperatures. In wheat, IRI genes similarly were shown to be
upregulated during cold acclimation in freezing tolerant cultivars, and these genes were
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found to be specific for the Pooideae subfamily of cereals (Tremblay et al., 2005).
Similar to these results, DA-TOL exhibited increases in both IRI-a and IRI-b expression
during cold acclimation, (Fig. 3.3a, 3.4a), while DA-SENS did not exhibit any significant
increases in expression, indicating that DA-SENS did not develop the same level of ice
mitigation capacity during cold acclimation as the DA-TOL did.
During deacclimation, there seemed to be differential regulation of IRI-a and IRIb in response to temperature and duration in both leaf and crown tissues. During these
deacclimation treatments, IRI-a expression levels in leaf tissue exhibited decreases in
expression when compared to -2C in both genotypes (Fig. 3.3b). However, IRI-b
expression levels exhibited increases in both genotypes at 4C and remain increased at
8C in DA-TOL regardless of duration (Fig. 3.4b). While DA-SENS did exhibit an
increase of IRI-b at 4 C, it was probably due to the temperature being closer to the cold
acclimation temperature of 2 C, leaving the plant in need of IRI proteins. At warmer
temperatures though, DA-SENS lost cryoprotection via IRI-b, which can be damaging
when it leads to ice formation, especially since IRI-a levels were already in low
abundance (Fig. 3.3). In crown tissue during deacclimation, DA-TOL exhibited
significant increases in IRI-a expression regardless of deacclimation temperature and
duration while DA-SENS did not exhibit any differences in expression levels. IRI-b
expression in crown tissue during deacclimation showed increases in expression at 5
days, regardless of temperature treatment for DA-TOL, while DA-SENS showed
decreases in expression levels compared to the control. Higher levels of IRI-a and IRI-b
during deacclimation suggest that control of ice formation in crown tissue during
warming events is crucial for winter survival.
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Fructans are the major storage carbohydrates in cool-season perennial grasses and
have been shown to be important in the acquisition of freezing tolerance through ice
crystal growth inhibition and response to reactive oxygen species (ROS) (Nagaraj et al.,
2004; Parvanova et al., 2004; Livingston et al., 2009). Fructans are synthesized from
sucrose through a combination of enzymatic reactions involving several
fructosyltransferases, of which four kinds have been identified in plants (Hisano et al.,
2008). In a study by Hisano et al. (2008), the gene Prft1 showed sequence similarity to
one such fructosyltransferase, sucrose-fructan 6-fructosyltransferase (6-SFT). This
enzyme catalyzes the transfer of a fructose unit from the sucrose to a variety of acceptors,
producing fructans that have fructose units bound to each other, or branched fructans. In
an earlier study by Hisano et al. (2004), perennial ryegrass plants overexpressing this 6SFT gene showed increased fructan accumulation and subsequent freezing tolerance.
Expression levels of fructan synthesis genes such as 6-SFT, are correlated with the
accumulation of fructans in leaf and crown tissues, which show high variation between
season and genotype (Kawakami and Yoshida, 2002). In leaf tissue, both genotypes
exhibited increases in Prft1 expression during cold acclimation (Fig. 3.5a). and similarly,
both genotypes showed increases in expression during deacclimation. At 4C, there was
greater expression than at 8C, and 5 days always had greater expression than 1 day. This
shows that there were patterns between temperature and duration of deacclimation, and
greater expression at 4C indicates that cooler temperatures are more conducive for
fructan production. While the genotypes had similar levels in leaf tissue during
deacclimation, as a storage carbohydrate, fructans are more likely to be stored in the
crown tissue instead of photosynthetic tissue (Livingston III et al., 2009), demonstrating
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that Prft1 expression levels in the crown may be more important for the protection of the
meristematic tissue from freezing damage during temperature fluctuations.
In crown tissue, we saw an entirely different trend in Prft1 expression between the
genotypes (Fig. 3.5c, 3.5d). During cold acclimation, DA-TOL exhibited significant
increases in expression, while DA-SENS did not (Fig. 3.5c). The same can be said during
deacclimation, where DA-TOL had significant increases in expression at all treatments
except 4C for 1 day, and DA-SENS had no increases at all (Fig. 3.5d). These results
suggest that DA-TOL was producing more fructans in crown tissue during cold
acclimation and deacclimation, which could assist the plant in both gaining and
maintaining its freezing tolerance during temperature fluctuations.
Fructan exohydrolases (FEHs) are enzymes that hydrolyze the terminal fructose
residues of fructans, trimming these molecules for remobilization or for reincorporation
into other molecules (Nagaraj et al., 2004). In particular, 1-FEH hydrolyzes (2-1)
linkages, creating shorter fructan molecules that can be utilized for membrane
stabilization (Hincha et al., 2002; Huang et al., 2014) or increase oligofructan
concentrations to assist the stress response (Van den Ende and Van Laere, 1996). During
cold acclimation, there were increases in 1-FEH expression in the DA-TOL genotype
regardless of tissue type (Fig. 3.6a, 3.6c). DA-SENS only showed increases in expression
during cold acclimation in leaf tissue (Fig. 3.6a). These increases in expression of this
fructan trimming enzyme in DA-TOL indicate the remobilization of fructans for
membrane stabilization and cryoprotection, which is especially important in crown tissue.
During deacclimation, DA-TOL and DA-SENS exhibited significant increases at
8C in leaf tissue regardless of duration (Fig. 3.6b), while in crown tissue DA-TOL
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exhibited increases in expression while DA-SENS exhibited decreases (Fig. 3.6d). While
we can only hypothesize on where smaller fructans are going, the physiological state of
the plants can give us clues. When the plants are undergoing cold acclimation, fructans
are remobilized for cryoprotection and membrane stabilization (Hincha et al., 2002;
Welling et al., 2004). However, when plants are deacclimating, the remobilized fructans
are probably fed into sucrose synthesis and regrowth, which occurs during deacclimation
(Lothier et al., 2007). Further studies are necessary to confirm these hypotheses and
determine the fate of such fructans so that we can further understand the relationship
between fructan synthesis and degradation in regard to deacclimation.

3.5 CONCLUSIONS
While there have been several studies on the physiological responses of plants to
cold acclimation, there is still much to be learned about the responses to deacclimation,
particularly when they occur prematurely in winter months. To gain further
understanding of such physiological and genetic responses during deacclimation, we
examined candidate gene expression using genes known to be important for the
acquisition of freezing tolerance in grasses. Our results showed that premature losses in
freezing tolerance after exposure to 4C for 1 day were associated with greater crown
moisture content, and higher expression of the aquaporin gene PIP1 during both cold
acclimation and deacclimation. Maintenance of freezing tolerance might not only rely on
gene expression during deacclimation, but also expression during cold acclimation, which
might help the plant hold on to freezing tolerance during short deacclimation durations.
We found this to be true in regard to the genes IRI-a and IRI-b, along with fructan
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metabolism genes Prft1 and 1-FEH. Transcription factors, such as CBF3, are more
complicated in their expression and further research will need to be conducted to
conclude our hypotheses of the relationship between CBF2 and CBF3, and its importance
in maintenance of freezing tolerance.
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Table 3.1 Selected genes with description and putative function.
Gene

Description

Putative Function

Reference

CBF3

C-repeat Binding Factor 3

Transcription factor in CBF
pathway

Xiong and Fei, 2006

IRI-a

Ice Recrystallization Inhibitor a

Inhibits ice formation between
cells

Zhang et al., 2010

IRI-b

Ice Recrystallization Inhibitor b

Inhibits ice formation

Zhang et al., 2010

Prft1

1-sucrose-sucrose fructyltransferase

Fructan synthesis

Hisano et al., 2008

1-FEH

1 Fructan exohydrolase

Fructan degradation

Abeynayake et al.,
2015

PIP1

Plasma membrane intrinsic protein 1

Aquaporin, water transport

Yu et al., 2013

Table 3.2 Primer sequences and conditions for qPCR. Elf4-a is used as the housekeeping
gene and is included in every run. Tm indicates melting point temperature (°C).

Primer name

Sequence

Tm

Annealing
Temperature

Lp elF4-A FWD

5-ATGTCTGTTGAGCAGCCTTC-3

55.3

Lp elF4-A REV

5-GCGGAGTATATAAAGGGGTAGC-3

54.6

Lp CBF3 FWD

5-GCATCCAGAGCTTACCAAGT-3

54.8

51 C for 30s

Lp CBF3 REV

5-CCGCTCATCTCCTTCTTGATT-3

54.6

51 C for 30s

Lp PIP1 FWD

5-GGCATCGCCTGGTCTTT-3

55.6

53 C for 30s

Lp PIP1 REV

5-GTGTGGCTTCCTGTTGTAGAT-3

54.8

53 C for 30s

Lp 1-FEH FWD

5-GGTCTGCATAACGTCCAGAG-3

55.2

58 C for 30s

Lp 1-FEH REV

5-GTGTCGTTGTCGGCAAGTG-3

56.9

58 C for 30s

Lp prft1 (6SFT) FWD

5-GGAGACGGCGAAGGCAACACC-3

63.2

56 C for 30s

Lp prft1 (6SFT) REV

5-GCACTGGGACTCGGCCATAGG-3

62.3

56 C for 30s

Lp IRI-a FWD

5-CTAGAGCATAGCACTTCTGA-3

51.1

53 C for 30s

Lp IRI-a REV

5-TGAAAGATCCAAGTAGCGTA-3

50.7

53 C for 30s

Lp IRI-b FWD

5-CTGTCATATGTGGGAACAAC-3

51.0

56 C for 30s

Lp IRI-b REV

5-ATTGTCCCTACCAAGTGATT-3

51.1

56 C for 30s
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Table 3.3. Changes in freezing tolerance and crown moisture content of two genotypes of
perennial ryegrass (DA-TOL and DA-SENS) during cold acclimation and deacclimation.
Freezing tolerance was measuring based on estimation of the lethal temperature resulting
in 50% mortality of plants (LT50). Different lowercase letters indicate statistical
differences across genotypes and temperature treatments based on Fisher’s protected LSD
(p ≤ 0.05).
Freezing Tolerance
Treatment

DA-TOL

DA-SENS

Crown Moisture
DA-TOL

DA-SENS
%

LT50 (C)
20C

-12.9 bcd

-10.9 a

79 a

80 a

2C

-13.6 cde

-12.4 bc

77 b

79 a

-2C

-14.9 f

-13.8 def

72 e

73 e

4C 1 d

-14.2 ef

-12.2 b

77 b

81 a

4C 5 d

-12.5 bc

-12.8 bcd

78 ab

78 ab

8C 1 d

-14.7 f

-12.2 b

50 f

47 f

8C 5 d

-12.9 bcd

-10.1 a

--

--
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Figure 3.1 Relative expression patterns of C-repeat binding factor 3 (CBF3) by
quantitative real-time PCR (qRT-PCR) in perennial ryegrass genotypes, DA-TOL and
DA-SENS during cold acclimation (a, c) and deacclimation (b, d) in leaf (a, b) and crown
(c, d) tissues. Relative expression was calculated using the equation 2-Ct. Letters that are
not the same indicate statistical differences between genotypes and between treatments at
the p < 0.05 level. For cold acclimation, expression values were normalized to the nonacclimated treatment (20C). For cold deacclimation, expression values were normalized
to the subzero cold acclimation treatment (-2C). Bars indicate standard deviation
between the biological replicates.
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Figure 3.2 Relative expression patterns of plasma membrane intrinsic protein 1 (PIP1) by
quantitative real-time PCR (qRT-PCR) in perennial ryegrass genotypes, DA-TOL and
DA-SENS during cold acclimation (a, c) and deacclimation (b, d) in leaf (a, b) and crown
(c, d) tissues. Relative expression was calculated using the equation 2-Ct. Letters that are
not the same indicate statistical differences between genotype and treatment at the p <
0.05 level. For cold acclimation, expression values were normalized to the nonacclimated treatment (20C). For cold deacclimation, expression values were normalized
to the subzero cold acclimation treatment (-2C). Bars indicate standard deviation
between the biological replicates.
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Figure 3.3 Relative expression patterns of ice recrystallization inhibition-a gene (IRI-a)
by quantitative real-time PCR (qRT-PCR) in two perennial ryegrass genotypes, DA-TOL
and DA-SENS during cold acclimation (a, c) and deacclimation (b, d) in leaf (a, b) and
crown (c, d) tissues. Relative expression was calculated using the equation 2-Ct. Letters
that are not the same indicate statistical differences between genotype and treatment at
the p < 0.05 level. For cold acclimation, expression values were normalized to the nonacclimated treatment (20C). For cold deacclimation, expression values were normalized
to the subzero cold acclimation treatment (-2 C). Bars indicate standard deviation
between the biological replicates.
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Figure 3.4 Relative expression patterns of ice recrystallization inhibition-b gene (IRI-b)
by quantitative real-time PCR (qRT-PCR) in two perennial ryegrass genotypes, DA-TOL
and DA-SENS during cold acclimation (a, c) and deacclimation (b, d) in leaf (a, b) and
crown (c, d) tissues. Relative expression was calculated using the equation 2-Ct. Letters
that are not the same indicate statistical differences between genotype and treatment at
the p < 0.05 level. For cold acclimation, expression values were normalized to the nonacclimated treatment (20C). For cold deacclimation, expression values were normalized
to the subzero cold acclimation treatment (-2 C). Bars indicate standard deviation
between the biological replicates.
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Figure 3.5 Relative expression patterns of 1-sucrose-sucrose fructosyltransferase (Prft1)
by quantitative real-time PCR (qRT-PCR) in two perennial ryegrass genotypes, DA-TOL
and DA-SENS during cold acclimation (a, c) and deacclimation (b, d) in leaf (a, b) and
crown (c, d) tissues. Relative expression was calculated using the equation 2-Ct. Letters
that are not the same indicate statistical differences between genotype and treatment at
the p < 0.05 level. For cold acclimation, expression values were normalized to the nonacclimated treatment (20C). For cold deacclimation, expression values were normalized
to the subzero cold acclimation treatment (-2C). Bars indicate standard deviation
between the biological replicates.
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Figure 3.6 Relative expression patterns of 1 fructan exohydrolase (1-FEH) by
quantitative real-time PCR (qRT-PCR) in two perennial ryegrass genotypes, DA-TOL
and DA-SENS during cold acclimation (a, c) and deacclimation (b, d) in leaf (a, b) and
crown (c, d) tissues. Relative expression was calculated using the equation 2-Ct. Letters
that are not the same indicate statistical differences between genotype and treatment at
the p < 0.05 level. For cold acclimation, expression values were normalized to the nonacclimated treatment (20C). For cold deacclimation, expression values were normalized
to the subzero cold acclimation treatment (-2C). Bars indicate standard deviation
between the biological replicates.
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CHAPTER 4
THE REGULATION OF COLD DEACCLIMATION IN PERENNIAL
RYEGRASS:
I. EARLY PHYSIOLOGICAL CHANGES ASSOCIATED WITH LOSSES IN
FREEZING TOLERANCE DURING DEACCLIMATION

4.1 INTRODUCTION
Overwintering of perennial plants is a complex process that is comprised of a
plant’s capacity to acclimate and achieve high freezing tolerance, as well as the capacity
to maintain freezing tolerance through a range of variable winter conditions such as
fluctuations in temperature and moisture conditions. Plants naturally lose freezing
tolerance (ie cold deacclimation) in the transition from winter to spring, which is a
process triggered by increases in temperature and photoperiod, as well as changes in light
quality and intensity (Pagter and Arora, 2013; Byun et al., 2014). Premature
deacclimation can also occur in response to mid-winter temperature fluctuations, causing
plants to grow and develop in an untimely fashion and be susceptible to freezing night
temperatures (Gu et al., 2008) This has been shown to be particularly problematic in
certain species of turfgrasses, such as perennial ryegrass (Lolium perenne L.) and annual
bluegrass (Poa annua) (Hulke et al., 2007; Bertrand et al., 2013). Injuries that are
commonly seen in these two species are crown hydration, direct low temperature kill, and
ice damage, whereas neighboring grasses such as creeping bentgrass (Agrostis
stolonifera) and Kentucky bluegrass (Poa pratensis) exposed to similar conditions do not
suffer the same level of damage (Zontek, 2010).
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Deacclimation typically results in an influx of water into plant tissues,
reallocation of storage carbohydrates and protective compounds to growth, along with
increased expression of genes involved in metabolism and photosynthesis (Pagter and
Arora, 2013; Byun et al., 2014). Unlike cold acclimation, deacclimation can either be a
rapid or gradual process which may be due to differing energy requirements (Kalberer et
al., 2006; Pagter et al., 2011; Dalmannsdottir et al.,2017). Kalberer et al (2006) suggest
that this difference in kinetics may be due to the fact that acclimation requires high
amounts of energy for structural and functional changes, while deacclimation requires
less energy for downregulation of genes and metabolic changes. A study looking at
deacclimation in perennial ryegrass and timothy (Phleum pretense) found that both
species lost freezing tolerance after just two days at 3°C (Jorgensen et al., 2010).
Based on our prior work evaluating candidate genes associated with freezing
tolerance and deacclimation in perennial ryegrass, we found that a deacclimation
sensitive genotype activated genes involved in carbohydrate metabolism and water
relations in response to a simulated warming exposure at 4°C and 8°C, suggesting that
this genotype had higher metabolic activities during deacclimation, particularly leaves.
This suggests that higher metabolic turnover and rehydration capacity can predispose
plants to losses in freezing tolerance during temperature fluctuations, and that further
understanding into these processes can increase our understanding of the deacclimation
process.
During cold acclimation, plants undergo photosynthetic changes that allow
the plant to not only produce protective compounds required for freezing tolerance, but
also protect itself from reactive oxygen species (ROS) that form (Arora and Rowland,
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2011). Under non-optimal conditions, plants can utilize other fluorescence mechanisms to
deal with excess excitation energy, i.e. Non-photochemical Quenching (NPQ), in which
the plant releases the energy as heat, or Fluorescence, where the plants release it back in
to the environment as light. The goal of these alternative pathways is to prevent the
formation of reactive oxygen species (ROS), which can form during inefficient electron
transport and cause photoinhibition, but also allow for growth inhibition and adequate
cold acclimation (Rapacz et al., 2007). Therefore, efficient photoacclimation (ie the redox
state of PSII) is critical for a plant to not only acquire freezing tolerance, but also resist
deacclimation, which is associated with regrowth (Rapacz et al., 2007).
Research has investigated the different mechanisms associated with
photosynthetic acclimation, and the mechanisms used to deal with excess excitation
energy in chloroplasts. A study by Rapacz et al. (2004) found that in Lolium × Festuca
hybrids (Festulolium), field winter hardiness levels are associated with photoinhibition
avoidance, indicating that plants had acclimated their photosynthetic apparatus properly.
These plants have been shown to down regulate photosynthesis related genes and
decrease their photochemical efficiency, reducing the amount of energy being utilized for
sugar production. In a population of Lolium multiflorum x Festuca pretensis amphiploid
crosses, there has been shown to be a direct relationship between freezing tolerance and
NPQ (Humphreys et al., 2007; Rapacz et al., 2008).
Research has been focused on understanding the photosynthetic mechanisms of
winter hardy cultivars in hopes of using chlorophyll fluorescence measurements to screen
for winter hardy plants, and also to improve selection of traits for overwintering. In
cereals, research has shown that the mechanisms employed are simultaneous, and can
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include both photochemical and non-photochemical mechanisms, and that this is species
and genotype dependent (Rapacz et al., 2007).
There is less information about the photosynthetic responses resulting from
premature deacclimation, but it has been shown that since photosynthetic rate correlates
with the physiological status of the plant (i.e., growth and water status), that there will be
an increase in photosynthesis during deacclimation (Rapacz 2002a; 2002b; Rapacz et al.,
2008). Deacclimation is also associated with rehydration of tissues and depletion of
storage carbohydrates, necessitating, and allowing for the reestablishment of
photosynthesis under warmer conditions (Arora and Rowland, 2011). Therefore, it can be
suggested that plants with greater dormancy (freezing tolerance) or delayed spring
development are more resistant to deacclimation, delaying the transition to growth and
subsequent loss in freezing tolerance (Arora and Rowland, 2011; Wande et al., 2017).
However, more studies looking into the photosynthetic response to deacclimation are
necessary to support this statement.
As an important perennial turf and forage grass, perennial ryegrass is sensitive to
temperature extremes and deacclimation, necessitating the need for increased breeding
efforts to improve overwintering (Wande et al., 2017). This study seeks to understand the
physiological responses to deacclimation, particularly photochemical efficiency, quantum
yield, and NPQ, and whether these measurements can be an indirect marker for
overwintering capacity. Perennial ryegrass genotypes differing in their responses to
deacclimation were examined for their differences in several chlorophyll fluorescence
parameters throughout cold acclimation and deacclimation to gain a greater
understanding of the association between photosynthesis and deacclimation.
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4.2 MATERIALS AND METHODS
Plant Material and Growing Conditions
Selected perennial ryegrass selections from the breeding program at the
University of Minnesota were evaluated by the DaCosta lab for differences in freezing
tolerance (Chapter 1). To examine the physiological changes associated with
deacclimation, two genotypes were selected representing deacclimation tolerant (DATOL) and deacclimation sensitive (DA-SENS). Genotypes were propagated in pots filled
with USGA sand and established in the greenhouse for three months under optimal
conditions. Plants were fertilized weekly with half-strength Hoagland’s solution, hand
trimmed weekly to a height of about 5 cm and watered three times a week. Plants were
then moved to growth chambers (Conviron, Winipeg, Canada) set at 20°C (day/night
temperature), 10-hr photoperiod, and PAR of 300 µmol m-2s-1 for two weeks before
initiating temperature treatments. During temperature treatments, plants were trimmed
and watered as needed to prevent wilting.
Treatments
Plants were sequentially moved through cold acclimation treatments as follows:
20°C for two weeks (300 µmol m-2s-1), 2°C for two weeks (300 µmol m-2s-1) and -2°C for
two weeks (0 µmol m-2s-1). Plants were then exposed to deacclimation treatments at 8 °C
for up to 3 days (150 µmol m-2s-1). Following each temperature treatment, measurements
were taken, and a subset of plants was harvested to determine freezing tolerance and
crown moisture content, as described below.
Measurements
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For freezing tolerance assessment, cold acclimation temperature treatments and
deacclimation treatments at 8 °C were used to identify whether plants were already losing
freezing tolerance at such moderate deacclimation temperatures. Freezing tolerance was
determined based on the lethal temperature at which 50% of plants were killed (LT50).
Ten individual plants per treatment were separated during harvest and placed inside a
moist paper towel to initiate ice nucleation. These tillers were then placed inside freezer
bags and stored at 5°C until the harvest was complete. Following the harvest, plants were
subjected to controlled freeze tests in a programmable freezing chamber (Scientemp
Corp.; Adrian, MI) at a rate of 2°C per hour with a holding time of 1 hour at each test
temperature (-6°C, -9°C, -12°C, -15°C, -18°C and -21°C). After the holding period at
each temperature, a subset of plants was removed and allowed to thaw at 5 °C. After
thawing, plants were replanted into trays filled with Pro-Mix and placed in a greenhouse
maintained under optimal growing conditions (20/15°C day/night temperature).
Following a 3-week regrowth period, whole plant survival (%) was calculated for each
replicate as: (no. plants survived/total no. plants) X 100. The LT50 was calculated by
curve fitting percent survival to temperature using a four-parameter sigmoid model.
Following each temperature treatment, approximately 100mg of crown tissue was
harvested and immediately weighed to determine the fresh weight (FW). The crowns
were then placed in coin envelopes and placed in an oven at 70 °C for two days before
measuring the dry weight (DW). Crown moisture content was calculated as: (FWDW)/FW*100%.
For chlorophyll fluorescence imaging, plants were dark adapted for 30 minutes to
make certain that all reaction centers were relaxed. A control plant was used to test light
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levels and make sure the light was evenly distributed across the whole plant. Pixel size
was calibrated using a calibration plate supplied by Photon System Instruments (Czech
Republic). Whole plants were measured after each temperature treatment, and during
deacclimation, at 2-hour intervals using the Pulse-Amplitude-Modulated-Mode (PAM)
Quenching protocol from the Fluorcam software (Photon System Instruments, Czech
Republic). Throughout the experiment, the same plants were used for chlorophyll
fluorescence imaging to decrease any variation found between plants and to examine the
responses of these plants during changes in temperature. Photochemical efficiency (PE) is
defined as maximum PSII quantum yield after dark adaptation. Quantum yield (YII) is
defined as steady-state quantum yield of PSII in light. Non-photochemical quenching is
defined as steady state non-photochemical quenching in actinic light. These three
parameters were recorded for each plant following temperature treatments.
Experimental Design and Statistical Analysis
Plants were randomized in the growth chamber with four replications per
temperature treatment and grass species. All data and corresponding interactions were
subjected to analysis of variance (ANOVA) according to the general linear model
procedure for the Statistical Analysis System v. 9.4 (SAS Institute Incorporated) and
means were separated using Fisher’s protected least significant difference (LSD) test at
the 0.05 probability level.

4.3 RESULTS
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During cold acclimation, freezing tolerance increased significantly, with the
highest level achieved at -2 °C (-17.5 °C) (Table 4.1). The opposite occurred during
deacclimation, with significant losses in freezing tolerance to -13.5 °C at 1 day and -12.9
°C at 3 days. When comparing the genotypes, DA-TOL had a greater freezing tolerance
than DA-SENS (-13.5 °C and -12.7 °C), respectfully. However, both genotypes had no
significant differences in freezing tolerances during cold acclimation. During
deacclimation, both genotypes showed a significant decrease in freezing tolerance by 1
day. However, DA-TOL maintained a significantly higher freezing tolerance than DASENS (-14.7 °C and -12.2) °C, respectively. By 3 days, DA-TOL continued to
deacclimate and lose freezing tolerance (-13.4 °C), while DA-SENS maintained its
freezing tolerance, indicating that this genotype had already deacclimated by 1 day.
During cold acclimation, plants exhibited a loss in crown moisture content, which
was shown to be significant by -2 °C (69 %) (Table 4.2). During deacclimation, there was
the opposite effect, and crown moisture content significantly increased by just 1 day
(74.2 %). When looking at the genotypes, there was no significant difference between
DA-TOL and DA-SENS (74.1 % and 74.5 %), respectfully. However, DA-SENS had
significantly lower crown moisture content at 20 °C compared to DA-TOL, (74.0 % and
77.3 %), respectfully, and significantly higher crown moisture content at 8 °C for 1 day
and 3 days (75.8 % and 77.0 %), respectfully.
During cold acclimation, plants exhibited decreased PE, with levels reaching 60%
at -2 °C (Table 4.3). During deacclimation, there was an increase in PE, but it took 12
hours at 8 °C for plants to increase their PE. As deacclimation duration increased, PE
increased as well, reaching 64% PE by 72 hours. Higher levels of PE can also be
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indicated by a greater amount of red in the leaves of the plants in Figure 4.1. When
examining the genotypes, DA-SENS had significantly greater PE than DA-TOL (0.64
and 0.61), respectfully.
Similarly to changes in PE, plants exhibited a decrease in YII during cold
acclimation, with levels reaching 0.511 at -2°C (Table 4.3). However, during
deacclimation, YII increased to around 0.500, but decreased at 8°C for 48 and 72 hours
(~ 0.480). Between the two genotypes, DA-SENS had significantly greater YII compared
to DA-TOL (0.522 and 0.489), respectively.
During cold acclimation, NPQ decreased, and reached its lowest level at -2 °C
(0.38) (Table 4.3). As plants were moved from -2 °C to 8 °C, plants increased NPQ
levels, but only after 12 hours. During deacclimation, plants increased their NPQ as the
duration increased, with the maximum level achieved at 72 hours (1.13). Overall, there
were not any differences between genotypes.

4.4. DISCUSSION
To fully understand the physiological changes associated with deacclimation
sensitivity, two genotypes of perennial ryegrass, selected for their differences in response
to deacclimation, underwent cold acclimation and deacclimation treatments. Freezing
tolerance assessment determined that there were more significant differences in the
genotypes responses during deacclimation compared to cold acclimation. While DA-TOL
and DA-SENS acquired similar levels of freezing tolerance during cold acclimation, DATOL maintained higher levels of freezing tolerance after exposure to short term
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deacclimation (1 day). This genotype dependency in response to deacclimation has been
seen in other species and is key to further developing cultivars with increased
winterhardiness (Winde et al., 2017).
While both genotypes exhibited a loss in crown moisture content during cold
acclimation, DA-SENS had a higher crown moisture content during deacclimation
compared to DA-TOL, which could make the plant more susceptible to losses in freezing
tolerance (Table 4.1). During cold acclimation, creeping bentgrass can decrease its
crown moisture content to around 60%, leading to increased freezing tolerance (Michael,
2016). DA-TOL eventually exhibited an increase in crown moisture, which suggests that
the prolonged nature of such an increase can be crucial in determining whether the plant
prematurely deacclimates and will be damaged from freezing temperatures. A study
looking at blueberry (Vaccinium austral) found that increasing temperature or water
content decreased bud hardiness (Bittenbender and Howell, 1975).
Since deacclimation is associated with rehydration of tissues, it is understandable
that there is an association between tissue water content and deacclimation sensitivity.
During deacclimation, slow growth rates and rehydration are critical for maintaining
freezing tolerance (Svenning et al., 1997; Rapacz, 2002). Amongst blackcurrant (Ribes
nigrum) cultivars differing in their resistance to deacclimation, a study by Winde et al.
(2017) found that rehydration was strongly associated with regrowth and deacclimation.
Photoacclimation has been shown to be a critical aspect of determining
winterhardiness in plants (Rapacz et al., 2008). However, the influence of genotype on
photoacclimation and freezing tolerance is complex, and there are many studies with
differing results (Humphreys et al., 2007). Chlorophyll fluorescence parameters can be an
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important indicator for damage or dormancy status, which can be linked to freezing
tolerance and overwintering (Rapacz, 2002, 2002a, 2002b) In this study, DA-TOL
exhibited lower Fv/fm overall compared to DA-SENS. Both genotypes exhibited
decreased PE during cold acclimation, and increased PE during deacclimation (Table
4.3). This demonstrates that during cold acclimation, plants decrease their photochemical
efficiency to protect photochemical machinery and prevent photooxidative damage
during periods of freezing (Rapacz et al., 2007). Lower photochemical efficiency has
been shown to be associated with compact morphology and the induction of certain cold
regulated (cor) or stress responsive proteins, leading to greater freezing tolerance
(Rapacz, 2002).
In this study, deacclimation was associated with increased photochemical
efficiency, which suggests that the plant was transitioning from dormancy to regrowth.
The differences in PE between the genotypes suggests that deacclimation sensitivity can
be associated with higher photochemical efficiency overall, allowing the plant to respond
faster to increases in temperature. Rapacz (2002) concluded that photochemical
efficiency (excitation pressure) is involved in how effective a plant is at deacclimation.
Therefore, it can be suggested that the greater photochemical efficiency overall in DASENS increased the effectiveness of short term deacclimation, which resulted in a loss in
freezing tolerance in this genotype.
Quantum yield (YII) measures how efficiently the energy is utilized in
photochemistry, and can be used to give an indication on photosynthetic productivity
(Yao et al., 2018). In this study, cold acclimation resulted in decreased yield at 2°C, but
increased at -2°C (Table 4.3). This increase indicates that plants had adequately
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photoacclimated, and similar results were found in freezing tolerant cultivars of
Festulolium (Festuca pratensis x lolium multiflorum) (Rapacz et al. 2004). During
deacclimation, there was a general increase in YII, indicative of restoration of
photosynthesis. Between the two genotypes, DA-TOL exhibited significantly lower
quantum yield, indicating that DA-SENS had greater photosynthetic capacity during cold
acclimation and deacclimation. Taken together, lower levels of PE and YII in DA-TOL
overall could indicate downregulation of light harvesting complexes or damage, and that
could allow the genotype to have slower recovery of photosynthetic activity during short
exposure to warmer temperatures (Guan, 2014), resisting deacclimation.
Interestingly, there were no differences in NPQ response to cold acclimation and
deacclimation between the two genotypes. This study established that cold acclimation in
these two genotypes of perennial ryegrass resulted in decreased NPQ, and deacclimation
resulted in increased NPQ (Table 4.3). These results differ from studies by Rapacz et al.
(2004) and Humphreys et al. (2007), where Festulolium and meadow fescue (Festuca
pratensis) increased NPQ during cold acclimation to prevent photooxidative damage.
However, a study by Rapacz et al., (2008) found that high NPQ in barley (Hordeum
vulgare) was not correlated with increased freezing tolerance, and instead suggested it
was a response to PSII malfunctions. In this study, measurements of NPQ had to be taken
from plants that were not exposed to light for the first 12 hours. As NPQ is a mechanism
induced during light exposure to prevent damage, it is possible that the resulting NPQ
values were impacted by light instead of demonstrating the photosynthetic response to
such conditions (Murchie & Lawson, 2013).
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4.5 CONCLUSIONS
In conclusion, perennial ryegrass genotypes showed a similar response in
photochemical efficiency and Non-photochemical quenching during cold acclimation and
deacclimation. However, the higher photochemical efficiency maintained by the
genotype sensitive to deacclimation suggests that greater photochemical activity might be
negatively impacting the plants’ ability to maintain its freezing tolerance during exposure
to warmer temperatures, resulting in a quicker regrowth response. It is important to
understand that chlorophyll fluorescence measurements are easily changed by the
conditions and parameters in which they are taken, and therefore it becomes difficult to
compare results from other studies. In a study by Rapacz et al. (2008) looking at both
field and laboratory cold acclimation and deacclimation responses regarding chlorophyll
fluorescence parameters, differences in results between years and cultivars indicated that
high NPQ or low Fv/fm are not always correlated with overwintering. Environmental
conditions can change genotypic responses and can make it difficult to use chlorophyll
fluorescence measurements as a marker for breeding (Rapacz et al., 2008). However, it is
still a useful tool in understanding the response of photosynthesis to cold acclimation and
deacclimation, and in examining how different genotypes may be predisposed to
deacclimation based on those responses.
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Table 4.1. Freezing Tolerance Assessments of DA-TOL and DA-SENS during cold acclimation
and deacclimation. The means are separated using Fishers protected LSD at the 0.05 level. There
is a significant interaction, so means are separated using the interaction LSD and span over
cultivar and temperature. Letters that are the same across genotype and temperature indicate no
significant differences.
Temperature Treatment
Genotype

20C

2C

-2C

8C 24 h

8C 72 h

------------------------------------LT50 (C) ------------------------------------DA-TOL

-9.3 a

-12.2 b

-17.7 e

-14.7 d

-13.4 c

DA-SENS

-9.7 a

-12.9 bc

-17.3 e

-12.2 b

-12.1 b

Table 4.2. Crown Moisture Content of DA-TOL and DA-SENS during cold acclimation and
deacclimation. The means are separated using Fishers protected LSD at the 0.05 level. There is a
significant interaction, so means are separated using the interaction LSD and span over cultivar
and temperature. Letters that are the same across genotype and temperature indicate no significant
differences.
Temperature Treatment
Genotype

20C

2C

-2C

8C 24 h

8C 72 h

----------------------------------------% ----------------------------------------DA-TOL

77.3 a

76.8 a

69.4 d

72.7 c

73.6 bc

DA-SENS

74.0 bc

76.1 ab

68.5 d

75.8 ab

77.0 a
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Table 4.3. Changes in Photochemical efficiency (PE), Quantum yield (YII) and nonphotochemical quenching (NPQ) in DA-TOL and DA-SENS when exposed to cold acclimation
and deacclimation. The means are separated using Fisher’s protected LSD at the 0.05 level.
Letters that are the same indicate no significant difference within either genotype or temperature
treatment.

PE

YII

NPQ

DA-TOL

0.607 b

0.486 b

0.78 a

DA-SENS

0.641 a

0.522 a

0.78 a

20°C

0.731 a

0.574 a

1.23 ab

2°C

0.678 b

0.481 cd

1.36 a

-2°C

0.599 cdef

0.517 b

0.38 e

8°C 2 hr

0.582 f

0.511 b

0.41 e

8°C 4 hr

0.590 ef

0.499 bc

0.43 e

8°C 6 hr

0.588 ef

0.493 bc

0.42 e

8°C 8 hr

0.595 ef

0.496 bc

0.45 e

8°C 12 hr

0.597 ef

0.505 bc

0.44 e

8°C 24 hr

0.630 cd

0.515 b

0.58 d

8°C 48 hr

0.622 cde

0.475 d

0.99 c

8°C 72 hr

0.647 c

0.481 cd

1.13 b

Genotype

Temperature regime
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CHAPTER 5

REGULATION OF COLD DEACCLIMATION IN PERENNIAL RYEGRASS:
II. COMPARITIVE TRANSCRIPTOME PROFILING AMONG 2 GENOTYPES
DIFFERING IN FREEZING TOLERANCE AND DEACCLIMATIOPN
RESISTANCE

5.1 INTRODUCTION

The process of winter survival in perennial grasses is dictated by the plant’s
ability to acquire freezing tolerance (i.e. cold acclimate), and maintain its freezing
tolerance until spring (i.e. resist deacclimation) (Jonnson and Barring, 2011; Pagter and
Arora, 2013; Pagter et al., 2017; Hoglind and Hanslin, 2020). During cold acclimation,
there is a significant amount of transcriptional, biochemical, and physiological changes
that occur to properly prepare the plant for the cellular stresses associated with freezing.
These changes can be associated with increased sugar content, changes in membrane
composition, and the production of protectant proteins, such as cryoprotectants proteins
(Arora and Rowland, 2011; Pukacki and Kamińska-Rożek, 2013; Abeykayake et al.,
2015; Pagter et al., 2017). Plants also manipulate their photosynthetic machinery to avoid
oxidative damage due to the decrease in metabolic turnover rates and enzymatic reactions
(Saarinen et al., 2011; Schubert et al., 2019; Horvath et al., 2020). In a study by
Abeykayake et al. (2015), two genotypes of perennial ryegrass (Lolium perenne L.) with
contrasting abilities to cold acclimate were used to examine the transcriptome responses
related to cold acclimation. Their study demonstrated the importance of upregulation of
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transcripts relating to stress, signal transduction and carbohydrate metabolism in the
acquisition of freezing tolerance.
While there has been a significant amount of research into the molecular
responses contributing to cold acclimation and the acquisition of freezing tolerance, very
few studies have focused on premature deacclimation, which results in a loss of freezing
tolerance, particularly regarding transcriptomic regulation (Zuther et al., 2015; Ma et al.,
2019; Hoglind and Hanslin, 2020; Horvath et al., 2020). Studies regarding the
transcriptomic or genomic responses associated with deacclimation are typically on the
species Arabidopsis thaliana where it has been shown that there is great natural variation
in the deaclimation response (Zuther et al., 2015), but more studies are exploring the
deacclimation response in non-model organisms. As the timing and rate of deacclimation
is predicated on climate and genotype, deacclimation responses may vary based on year,
location, and genotype, necessitating the need to understand the genetic and molecular
responses that contribute to these physiological responses (Pagter and Arora, 2013).
Research into this aspect of winter survival is critical for future agronomic sustainability
as climate change increases variation in winter temperatures and precipitation (Kalberer
et al., 2006; Horvath et al., 2020).
A reduction in the expression of cold regulated genes has been shown to be an
important aspect of deacclimation, and Zuther et al. (2015) found that there was more of
a decrease during deacclimation in freezing sensitive accessions of Arabidopsis compared
to freezing tolerant. A study by Ma et al. (2019) investigated the transcriptomic response
of rapeseed (Brassica rapa L). to deacclimation, identifying a significant downregulation
of C-repeat binding factor (CBF) genes during 24 hours of deacclimation. Another study
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by Oono et al. (2006) utilized gene expression microarrays to examine the response of
Arabidopsis to cold acclimation and deacclimation, stating that most of the genes found
to be upregulated during cold acclimation were downregulated during deacclimation, and
vice versa.
A study by Byun et al. (2014) using gene expression microarrays identified genes
that were responsive to cold acclimation, deacclimation and reacclimation in Arabidopsis.
Similar to Oono et al. (2006), genes that were upregulated during cold acclimation were
downregulated during deacclimation, while photosynthesis light-harvesting complex and
lipid metabolism genes were upregulated in deacclimated plants compared to nonacclimated plants (Byun et al., 2014). Recently, a study by Horvath et al. (2020)
investigated the transcriptomic response to deacclimation in rapeseed. When comparing
the transcriptomic responses between the two genotypes with the most divergent
responses, they found that deacclimation was associated with an upregulation of carbon
metabolism and photosynthesis (Horvath et al., 2020). Other studies have focused on
woody perennials, such as Eucalyptus nitens, which found that the genes upregulated
during deacclimation were associated with response to light and the thylakoid membrane.
Most of the genes found to be downregulated during cold acclimation were related to the
photosynthesis light reactions, which were further upregulated during deacclimation,
suggesting a relationship between deacclimation, photosynthesis, and growth (GaeteLoyola et al., 2017).
Studies by Schubert et al. (2019) looking into the evolution of cold acclimation in
the grass subfamily Pooideae demonstrated that there are widespread species-specific
gene responses. Since deacclimation is the intersect between freezing tolerance,
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dormancy, and regrowth, there is a strong possibility that these responses are also species
and genotype-specific (Shubert et al., 2019; Horvath et al., 2020). Understanding how
different genotypes respond to deacclimation could allow for greater understanding of
overwintering in perennial grasses and how each of the traits (cold acclimation,
deacclimation) are associated with each other (Arora and Rowland, 2011).
While certain plant species have shown different responses to deacclimation,
perennial ryegrass is a species that is typically sensitive to not only extreme temperatures,
but also premature deacclimation (Webster & Ebdon, 2005; Hoglind & Hanslin, 2020).
To create cultivars that can tolerate deacclimation in northern climates, further research is
needed to understand the transcriptomic regulation of such physiological responses.
Therefore, we utilized RNA sequencing to compare the transcriptomic responses of two
genotypes differing in their deacclimation responses during early (1 day) and moderate (3
days) deacclimation events. We hypothesized that there would be large differences
between the transcriptomic responses of the two genotypes, which would explain the
different phenotypes in response to deacclimation. Similarly, there would be a greater
number of genes in the genotype that deacclimates prematurely, since the phenotypic
change is drastic compared to the genotype which maintains its freezing tolerance.

5.2 MATERIALS AND METHODS
Plant Material and Growing Conditions
Selected perennial ryegrass selections from the breeding program at the
University of Minnesota were evaluated by the DaCosta lab for differences in freezing
tolerance (Chapter 1). To examine the physiological changes associated with
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deacclimation, two genotypes were selected representing deacclimation tolerant (DATOL) and deacclimation sensitive (DA-SENS). Genotypes were propagated in pots filled
with USGA sand and established in the greenhouse for three months under optimal
conditions. Plants were fertilized weekly with half-strength Hoagland’s solution, hand
trimmed weekly to a height of about 5 cm and watered three times a week. Plants were
then moved to growth chambers (Conviron, Winipeg, Canada) set at 20°C (day/night
temperature), 10-hr photoperiod, and PAR of 300 µmol m-2s-1 for two weeks before
initiating temperature treatments. During temperature treatments, plants were trimmed
and watered as needed to prevent wilting.
Treatments
Plants were sequentially moved through cold acclimation treatments as follows:
20°C for two weeks (300 µmol m-2s-1), 2°C for two weeks (300 µmol m-2s-1) and -2°C for
two weeks (0 µmol m-2s-1). Plants were then exposed to deacclimation treatments at 8 °C
for up to 3 days (150 µmol m-2s-1). Following each temperature treatment, crown and leaf
tissue were destructively harvested from four biological replicates of each genotype by
treatment combination and stored at -80°C until RNA extraction.
Measurements
Approximately 80-100mg of crown and leaf tissue were ground in liquid nitrogen
to release the RNA using a mortar and pestle that had previously been autoclaved. The
mortar and pestle were cooled down using liquid nitrogen, before tissue samples were
added and ground into a fine powder. Between each tissue sample, the mortar and pestle
were thoroughly cleaned with ethanol before being cooled down again by liquid nitrogen.
Samples were then immediately weighed and placed in the -80 °C freezer until all the
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samples were ready for RNA extraction, which took place on the same day. Two pairs of
gloves were worn to make sure there was no skin or outside contamination during
grinding. Single biological replicates of a genotype x treatment x tissue type from all of
the samples went through grinding, RNA extraction and quantification on the same day.
The Spectrum Total Plant RNA kit (Sigma Aldrich, Inc. Cat. STRN50) was used to
extract RNA from the samples, following Protocol A instructions, while removing
possible contaminants such as genomic DNA with the on-column DNASE I Digest step
(Sigma Aldrich, Germany). RNA concentration and quality were examined using a
Nanodrop 2000 (Thermofisher Scientific, Waltham, Massachusetts), and samples with
low concentration (below 10 g), or indications of contaminants from DNA or protein
(an A260/280 ratio > 1.9, A260/280 ratio > 1.8) were removed.
The quantity of RNA was assayed on Qubit using RNA BR assay (Life
Technologies Corp, Carlsbad, CA), and quality was assessed on Agilent 2100
Bioanalyzer using RNA 6000 Nano Assay (Agilent Technologies, Inc, Santa Clara, CA).
The electropherogram results showed that the total RNA was intact without any sign of
significant RNA degradation. Total RNA (0.5 µg) was used to isolate poly(A) mRNA,
converted to cDNA and prepared into stranded libraries using NEBNext Ultra-II
Directional RNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA),
following manufacturer instructions. The quantity of library was assayed using Qubit
DNA HS assay (Life Technologies Corp, Carlsbad, CA), and quality was analyzed on
Bioanalyzer using DNA 7500 assay (Agilent Technologies, Inc, Santa Clara, CA). The
libraries were of satisfactory quality as primer/adapter dimer was not detected on the
Bioanalyzer electropherogram. Libraries were diluted and normalized for equimolar
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amount, pooled, denatured and sequenced on Illumina NextSeq 500 platform using
NextSeq 500/550 Mid Output v2 kit (150 cycles) with 2×76 sequencing parameter
(Illumina, San Diego, CA). RNAseq library preparation and sequencing, were performed
at Genomics Resource Laboratory (GRL), University of Massachusetts, Amherst. A total
of 18 libraries (2 plant genotypes x 3 temperature treatments x 3 biological replicates)
were prepared for RNA-seq. Fastq files from each library were examined for quality
using the program FastQC before trimming using Trimmomatic-0.32 (Bolger et al.,
2014). The libraries were trimmed using the following parameters: “PE -Phred33
HEADCROP:33 SLIDING WINDOW:20 LEADING:3 TRAILING:3 MINLEN:40.”
Trinity v.2.2.0 was then used to assemble the transcriptome, using default settings.
RSEM was used to estimate transcripts, utilizing the “align_and_estimate_abundance.pl”
script in Trinity with default parameters, before performing differential expression
analysis.
DESeq2 v.1.24.0 (Love et al., 2014) was used to normalize and call differential
expression on transcript estimates (raw read count). Features were called differentially
expressed gene features (DEGs) if significance (false discovery rate < 0.05) was found
during at least one of the following comparisons: 1) six comparisons at different time
points (cold acclimated (CA), deacclimated for 24 hours (DA24) and deacclimated for 72
hours (DA72)) of the same cultivar, and 2) three comparisons at the same time points of
different cultivars (DA-SENS and DA-TOL).
Normalized read count of DEGs was log transformed as log2(normalized read
count + 1) and then principal component analysis (PCA) of expression was performed on
all gene features, or DEGs only using R (R Core Team, 2017). PCA results were
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visualized by ggplot2/3.3.0 (Wickham H 2016). Log-transformed normalized read count
was on the average of the three replicates per condition and Corrplot/0.84 was used to
visualize the correlation of gene expression between different biological conditions.
Clustering analysis on scaled log-transformed normalized read count of DEGs was
performed using K-means clustering algorithm "Hartigan-Wong" (R function kmeans)
and then visualized by ggplot2/3.3.0. This analysis yielded twelve co-expression gene
clusters. Gene features with expression correlation with centroids higher than 0.8 were
finally accepted by the clusters and the ones filtered out were assigned as non-clustered
DEGs.
Gene ontology (GO) analysis was conducted using DAVID Bioinformatics
Resources 6.8 online (Huang et al., 2009). Genes for each cluster were run to identify
which biological processes, cellular components, and either KEGG or COGG pathways
were significantly enriched for each cluster (P < 0.05). Since this analysis was based on
cluster, the genes analyzed were identified in both genotypes.

Experimental Design and Statistical Analysis
Plants were randomized in the growth chamber with four replications per
temperature treatment and grass species. All data and corresponding interactions were
subjected to analysis of variance (ANOVA) according to the general linear model
procedure for the Statistical Analysis System v. 9.4 (SAS Institute Incorporated, Research
Park, NC) and means were separated using Fisher’s protected least significant difference
(LSD) test at the 0.05 probability level.
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5.3 RESULTS
Reads were combined from both genotypes to assemble the transcriptome of
perennial ryegrass (Table 5.1). This allowed for the greatest amount of coverage, and
since the two genotypes are half-siblings, I assumed they are genetically similar to each
other. Average base scores greater than 30 were utilized. Due to the lack of perennial
ryegrass reference genome, I used the combined reads to de novo generate the perennial
ryegrass transcriptome of both genotypes via Trinity. The assembly yielded 79,322,907
bases and 124,089 transcripts. Average contig length was 639 bp, and alignment rate
90.4%. Although N50 was lower than expected, the other assembly statistics were of high
quality and allowed me to be confident moving forward with the assembly (Farrell et al.,
2014).
A principal component analysis was utilized to determine the extent of variation
between biological replicates for the differentially expressed genes (Fig. 5.1). This plot
showed that biological replicates within a genotype and temperature treatment group
together, indicating responses to cold acclimation and deacclimation are genotypespecific. For DA-SENS, there is overlap for deacclimation treatments, suggesting the
changes resulting in deacclimation already took place at 24 hours, resulting in a loss in
freezing tolerance.
During deacclimation in the DA-SENS genotype, there are 2,560 differentially
expressed genes between CA and DA24, which increases to 2,997 genes by DA72 (Fig.
5.2). Between deacclimation treatments, there is only 32 differentially expressed genes,
indicating that the changes resulting in a loss in freezing tolerance already took place by
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24hrs. For DA-TOL, there are 2,869 differentially expressed genes between CA and
DA24, which increased to 2,937 differentially expressed genes by 72hrs. However, there
are more differentially expressed genes between DA 24 and 72 (383), indicating that
changes are still happening that could result in the loss of freezing tolerance seen by
72hrs. Between genotypes, there were 897 DEGs at CA, 492 DEGs at 24hrs, and 6,615
DEGS at 72hrs, indicating that there are distinct differences between the genotypes and
their responses to cold acclimation and deacclimation. These results were different from
what was hypothesized, where there would be more changes occurring in DA-SENS
during the transition from CA to DA 24 due to the drastic change in phenotype, ie loss in
freezing tolerance.
To visualize the changes in gene expression between treatments and genotypes,
the statistically significant differentially expressed genes were assembled into a heatmap
based on hierarchal clustering (Fig. 5.3). Based on the color trends, there were more
fundamental differences between genotypes than differences within the genotypes over
time in their response to deacclimation.
Clustering analysis identified six clusters that represent general gene expression
patterns in response to deacclimation (Fig. 5.4). Of these clusters, two showed different
expression levels between the genotypes at CA (Fig. 5.4A and 5.4B). Fig 5.4A showed
greater expression levels at CA in the DA-SENS than the DA-TOL, but both genotypes
exhibited increases in expression compared to CA. Fig. 5.4B is similar in that DA-SENS
has greater expression levels at CA. However, expression decreases in both genotypes in
response to deacclimation.
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Two clusters (Figs. 5.4C and 5.4D) showed increases in gene expression in
response to deacclimation, while the two other clusters (Figures 5.4E and 5.4F)
represented decreases in expression in both genotypes. While there might be some
differential expression between the genotypes at 72 hours of deacclimation, I wanted to
focus on the 24 hour timepoint because this is where we see the DA-SENS exhibiting a
loss in freezing tolerance, while the DA-TOL maintains its freezing tolerance. Therefore,
the analysis and discussion were focused on a set of clusters that show different responses
during DA 24
Clustering analysis identified 4 patterns of gene expression that show differential
regulation in response to deacclimation between DA-SENS and DA-TOL (Fig. 5.5).
Cluster 5.5A represents genes with consistent downregulation in DA-SENS throughout
temperature treatments, while DA-TOL exhibits increases in expression during
deacclimation. Gene ontology enrichment using DAVID identified the biological process
‘GO:0010182-sugar mediated signaling pathway’ as significantly enriched in 31.7% of
genes that could be annotated from this cluster (P = 0.006) (Table 5.5).
Further GO analysis identified 9 cellular components as being statistically
enriched within this cluster (Table 5.4). These include: ‘GO:0005829-cytosol
(p=0.00001)’, ‘GO:0009506-plasmodesma (P = 0.0002)’, ‘GO:0005794-Golgi apparatus
(P=0.01’), ‘GO:0005730-nucleolus (P = 0.01)’, ‘GO:0000932-cytoplasmic mRNA
processing body (P = 0.01)’, ‘GO:0022626-cytosolic ribosome (P = 0.02)’,
‘GO:0005886-plasma membrane (P=0.03)’, ‘GO:0030915-Smc5-Smc6 complex
(P=0.03)’, and ‘GO:0005802-trans-Golgi network (p=0.05)’. While the majority of the
cellular compartments indicate that there are several components being impacted, the
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term ‘Smc5-Smc6 complex’ is of interest due to its importance in flowering. This
complex is involved in the structural maintenance of chromosomes, and is also an
integral part of several processes such as meiosis, flowering time, meristem and stem cell
niche size, and seed development (Diez and Pacinka, 2018).
Cluster 5.5B represents a set of genes that have greater expression in the DASENS genotype at cold acclimation, which increase in both genotypes at DA24(Fig.
5.5B). However, in response to DA72, DA-SENS shows little to no change in expression
levels of these genes, while DA-TOL exhibits strong downregulation of such genes. The
number of genes that were able to be annotated were 575 out of 1,722 genes, which is
only 33.4% of the total genes in Cluster 5.5B. Gene ontology analysis of Cluster 5.5B
revealed biological processes associated with development, carbon metabolism (TCA
cycle and fructose 6-phosphate metabolism), flower development (vegetative transition to
reproductive stage), auxin signaling and chlorophyll biosynthesis (Table 5.2) to be
significantly enriched. Further analysis identified genes involved in energy metabolism,
i.e. starch biosynthesis, trehalose biosynthesis, glycolysis, and the pentose phosphate
pathway, which are all processes indicative of plant growth. The enriched biological
process of flower development identified genes involved in several flower signaling
pathways, such as Gibberellic acid signaling, photoperiod, floral meristem identity and
autonomous pathway (Table 5.3). While the FLC pathway represses flowering, genes
involved in the other pathways induce flowering, indicating a complex relationship
between the transition to flowering and deacclimation.
The cellular compartments that were identified as significantly enriched in Cluster
5.5B span through the majority of cellular components, indicating a significant
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physiological change occurring cellularly during deacclimation (Table 5.4). KEGG
Ontology also identified five enriched pathways such as ‘ath03015:mRNA surveillance
pathway’ (P=0.000119), ‘ath03050:Proteosome’ (P=0.000131), ‘ath00020:Citrate
cycle(TCA cycle)’ (P=0.005), ‘ath04144:Endocytosis’ (P=0.009), and
‘ath00250:Alanine, aspartate, and glutamate metabolism’ (P=0.02) (Table 5.5).
Cluster 5.5C represents a set of genes that during CA are higher in DA-SENS but
respond similarly in both genotypes at DA24. However, by DA72, DA-SENS has greater
expression of these genes while DA-TOL exhibits downregulation, similar to the level of
expression at CA (Fig. 5.5C). The number of genes that were able to be annotated were
286 out of 1,504 genes, which is only 19.0% of the total genes in Cluster 5.5C. Further
analysis into gene ontology identified biological processes that are enriched in this set of
genes to be involved in photosynthesis, photosynthetic machinery, growth and
development (Table 5.2). Cellular components that were identified as enriched similarly
centered around chloroplasts, and photosystem I and II (Table 5.4). The KEGG Pathways
associated with this cluster are as follows: ‘ath00196:Photosynthesis - antenna proteins’
(P=0.00344), ‘ath00970:Aminoacyl-tRNA biosynthesis’ (P=0.009), ‘ath03015:mRNA
surveillance pathway’ (P=0.034), and ‘ath00860:Porphyrin and chlorophyll metabolism’
(P=0.040) (Table 5.5). Cluster 5.4D represents a set of genes that are higher at CA in DATOL, before decreasing in both genotypes at DA24 (Fig. 5.5D). DA-TOL maintains
greater expression at DA24 compared with DA-SENS, and during prolonged
deacclimation at DA72, exhibits a significant increase in expression while DA-SENS
maintains the same levels as DA24. The number of genes that were able to be annotated
were 97 out of 1,270 genes, which is only 7.6% of the total genes in Cluster 5.4D.
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Further gene ontology investigations into the biological processes represented by
these genes revealed that these genes are primarily involved in
‘GO:0045184~establishment of protein localization’ (P=0.034), ‘ GO:0015031~protein
transport’ P=0.034), ‘ GO:0008104~protein localization’ (P=0.039), and
‘GO:0050826~response to freezing’ (P=0.04) (Table 5.2). The cellular compartments
identified as enriched in this set of genes include ‘GO:0016021~integral to membrane’
(P=0.013), ‘GO:0000502~proteasome complex’ (P=0.022), and ‘GO:0005794~Golgi
apparatus’ (P=0.48) (Table 5.4). The KEGG Pathways identified were
‘ath00480:Glutathione metabolism’ (P=0.039) and ‘ath03050:Proteasome’ (P=0.047)
(Table 5.5).
To examine whether our data had similar results to our earlier qPCR data (Chapter
3), we blasted the candidate genes to our transcriptome assembly and found similar trends
in the two genotype responses, suggesting that there is correlation between our qPCR
data and RNA sequencing data (Figure 5.6). These results give us further confidence in
the data presented in both Chapter 3 and Chapter 5 of this dissertation.

5.4 DISCUSSION
General Transcriptomic Responses to Deacclimation
Clusters of differentially expressed genes showed that there is a large, shared
response to deacclimation between DA-TOL and DA-SENS (Fig. 5.4). Further
examination looking at the processes involved in these clusters will reveal more
information about the general regulation of deacclimation in perennial ryegrass, allowing
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for a more complete understanding into the physiological and molecular changes that
perennial ryegrass cultivars undergo either during mid-winter warming events or at the
beginning of spring. Clusters 5.4A and 5.4B demonstrate that expression levels of genes
at CA might have an impact on the response to deacclimation, even if the general trend in
expression is similar (Fig. 5.4). This is different from our initial hypothesis, where we
believed there would be more differences between the genotypes in their response to
deacclimation, which would help explain the different genotypes at DA24. This means
that there are a few key differences between the genotypes might be responsible for the
differences in freezing tolerance observed in Chapter 4, where DA-SENS significantly
loses its freezing tolerance at 24 hours of exposure to 8°C (Table 4.1).
Transcriptomic Responses Associated with Deacclimation Sensitivity
When looking at the differential responses of the genotypes to deacclimation at 24
hours, we hypothesized that there would be different transcriptomic responses between
CA and DA24, which would lead to the differences in freezing tolerance (Table 4.1).
However, instead we found that responses between the genotypes to deacclimation at 24
hours is similar, and instead there are differences in expression levels at CA and DA72
(Fig. 5.5). The differences at CA could indicate the importance of freezing tolerance and
the regulation of associated genes during the transition from cold acclimation to
deacclimation, with higher levels of such genes delaying the loss in freezing tolerance at
24 hours. Cluster 5.5A, which represents a cluster of genes that are not only higher in
DA-TOL compared to DA-SENS at all timepoints, but also show increasing levels of
expression at DA72, represent genes that are involved in sugar mediated signaling
pathways (Fig. 5.5A; Table 5.5).
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Genes of interest included in this process are Ethylene overproduction protein
(ETO1), Regulator of nonsense transcripts 1 homolog (UPF1), and Molybdenum cofactor
sulfurase (ABA3). ETO1 and UPF1 are both involved in hormone signaling pathways
(Ethylene and Abscisic acid (ABA)), respectively. ETO1 has been shown in Arabidopsis
thaliana to be an important gene involved in the biosynthesis of ethylene (Yoshida et al.,
2005). The hormone ethylene negatively impacts freezing tolerance, and ETO1 is a
negative regulator of ethylene production (Yoshida et al., 2005). UPF1 is a gene involved
in nonsense mediated decay in plants, which is a process that removes aberrant mRNAs.
A study looking at UPF1, UPF2 and UPF3 in Arabidopsis found that these genes are
essential for normal plant development and are also involved in stress responses and
regulation of circadian rhythm (Shi et al., 2012), particularly UPF1 and UPF3 regarding
biotic stress (Jeong et al., 2011). However, not much is known about their specific roles
in mediating these responses, in particular their response to freezing stress (Shi et al.,
2012).
ABA3 has been shown to be a modulator of cold and osmotic stress genes, most
of which are similarly involved with ABA biosynthesis (Xiong et al., 2001). When
overexpressed in maize (Zea mays L.), ABA3 improved drought tolerance by enhancing
expression of stress related genes, ABA accumulation, and under drought conditions
increased root system development and biomass when following re-watering (Lu et al.,
2013). The importance of desiccation tolerance and stress hormone accumulation, namely
ABA for overwintering, has been demonstrated in studies concerning cold acclimation
and acquisition of freezing tolerance (Rubio & Perez, 2019). Higher expression of these
genes, which positively influence freezing tolerance and plant stress responses, during
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CA and throughout DA could help DA-TOL maintain its freezing tolerance during DA24
and could also have an impact on reacclimation potential at DA72.
Flowering Time and Deacclimation
Higher expression at DA24, even though the response is shared, can also give
insight into the loss in freezing tolerance experienced by DA-SENS at 24 hours. Several
genes involved in Cluster 5.5B (Fig. 5.5B) have been shown to be involved in flower
development (Table 5.2). These aforementioned genes in particular are summarized in
Table 5.3 and span several pathways that either lead to or repress flowering. The pathway
commonly studied in perennial ryegrass that leads to flowering is vernalization. This has
been shown to be induced by short photoperiods and low temperatures (vernalization),
followed by longer photoperiods (Wang & Forster, 2017). During winter, when freezing
tolerance is highest, the vernalization requirement has not been fulfilled, and the plant
remains vegetative. Once the vernalization requirement is fulfilled and longer days are
reached, the plant transitions to reproductive state, exhibiting a loss in freezing tolerance
(Boss et al., 2004; Wang & Forster, 2017). However, comparative transcriptomics picked
up genes involved in the gibberellic acid, autonomous, and photoperiod pathways,
including several key floral development and identity genes instead of vernalization
genes (Table 5.3).
The autonomous pathway regulates Flowering Locus C (FLC) expression, which
is a floral repressor, inhibiting the expression of floral pathway integrators (Boss et al.,
2004). However, the autonomous pathway only enables the transition to flowering, and
the photoperiod and gibberellic acid pathway have been shown to promote flowering
(Appendix B, Fig 1), indicating that the deacclimation response is associated with the
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overlap between repression and promotion to flowering (Appendix B, Fig 2). The control
of flowering by multiple pathways could allow for tight control of flowering and the
plasticity seen between plant species.
Cluster analysis also identified photosynthesis as an enriched process that is
higher in DA-SENS than DA-TOL during deacclimation (Fig. 5.5; Table 5.5). Similar
results were found in a study by Horvath et al. (2020) looking into differences in
transcriptomic response of canola to deacclimation, with genes related to photosynthesis
being upregulated to a greater extent in the deacclimation sensitive genotype compared to
the deacclimation resistant genotype. The upregulation of photosynthesis indicates that
the plant is switching from dormancy to regrowth, which can hinder its ability to resist
deacclimation and maintain its freezing tolerance.
In Chapter 4, chlorophyll fluorescence imaging was utilized to examine the
different photosynthetic responses between the two genotypes to deacclimation (Table
4.3). In summary, DA-TOL had significantly lower levels of photochemical efficiency
compared to DA-SENS. Cold acclimation resulted in general reduction in photochemical
efficiency, and deacclimation induced the upregulation of photochemical efficiency,
indicating the plants are now reopening PSII and are beginning the transition from
dormancy to regrowth. Quantum yield measurements demonstrated that while there were
differences in photochemical efficiency between the two genotypes, there were no
differences in yield, indicating that light intercepted by PSII was not yet being utilized in
photosynthesis (Table 4.3). When taken together with the transcriptomic results,
perennial ryegrass seems to be allowing for the gradual transition from dormancy to
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growth on both a molecular and physiological level, with the DA-SENS showing a faster
and potentially more detrimental response than the DA-TOL genotype.
Overall, the higher levels of photosynthesis, floral identity and development genes
in DA-SENS indicates that this genotype is in the transition to growth, and higher levels
overall during DA compared to DA-TOL could predispose this genotype to premature
deacclimation and hinder its ability to reacclimate.
Deacclimation and Reacclimation Potential:
Overwintering of perennial plants is a complex process that requires adequate
cold acclimation, resistance to premature deacclimation, and reacclimation potential
(Kalberer et al., 2006; Arora and Rowland, 2011; Byun et al., 2014). For our study, we
focused on the process of premature deacclimation, and used RNA sequencing to
understand its regulation. However, one aspect we did not test for is reacclimation
potential in perennial ryegrass. A plant that prematurely deacclimates and reacclimate
when temperatures drop is another strategy for successful overwintering (Arora and
Rowland, 2011). However, a plants capacity for reacclimation is dependent on the
duration and temperature of deacclimation, demonstrating the importance of
understanding the regulation of deacclimation (Kalberer et al., 2006).
For all clusters in Figure 5.5, expression levels at DA24 are similar in their
response for both DA-TOL and DA-SENS, but strikingly different responses at DA72.
This response suggests that DA-TOL has the potential for reacclimation when exposed to
low temperatures, which is an important aspect of overwintering (Kalberer et al., 2006;
Byun et al., 2014). To verify the candidate genes which can be important for determining
reacclimation potential, further studies must be conducted.
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5.5 CONCLUSION
We used RNA sequencing to identify processes and genes that change in response
to deacclimation, allowing for a greater understanding of deacclimation in perennial
ryegrass. Results indicated that while their physiological responses to deacclimation vary,
there are more shared responses between the two genotypes at DA24, demonstrating that
the physiological differences are controlled by differences at the cold acclimation level,
and at more prolonged deacclimation states (72 hours). The DA-SENS genotype has
greater expression of genes involved in flowering, regrowth, photosynthesis and carbon
metabolism at cold acclimation and deacclimation, indicating physiological and
transcriptomic differences regarding the acquisition of freezing tolerance and its response
to warmer temperatures. While DA-TOL has a similar upregulation during short exposure
to deacclimation (DA24), particularly genes involved in photosynthesis such as
chlorophyll binding protein 1, overall expression levels at cold acclimation and
throughout deacclimation are lower than DA-SENS, suggesting that higher expression of
such genes can predispose DA-SENS to premature deacclimation. Similarly, higher
expression of genes involved in the freezing response and glutathione metabolism during
cold acclimation and throughout deacclimation could assist DA-TOL in maintaining its
freezing tolerance during short exposure to deacclimation. These changes could also give
DA-TOL the capacity to reacclimate at more prolonged deacclimation, which could be
beneficial for overwintering. This study successfully identified candidate genes for
further experimentation to understand traits involved in cold tolerance for perennial
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ryegrass, that can aid in breeding efforts of this plant, and can be investigated for
potential role of cold tolerance in other grass species.
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Table 5.1. De Novo transcriptome assembly statistics of the perennial ryegrass genotypes.
Metric
Total Assembled Bases

79,322,907

Total Transcripts

124,089

N50

974

Average Contig Length (bp)

639

GC%

48.2

Alignment Rate

90.4%
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Table 5.2. Gene Ontology Analysis identified significantly enriched Biological Processes
for clusters representing genotypic differences in response to deacclimation. P value
indicates the significance of the enrichment score.
Biological Processes
Cluster

Term

P Value

5A

GO:0010182~sugar mediated signaling pathway

0.006

5B

GO:0016192~vesicle-mediated transport

4.4E-08

5B

GO:0006886~intracellular protein transport

2.2E-07

5B

GO:0046686~response to cadmium ion

2.4E-07

5B

GO:0006511~ubiquitin-dependent protein catabolic process

1.2E-06

5B

GO:0009793~embryo development ending in seed dormancy

1.1E-05

5B

GO:0009855~determination of bilateral symmetry

6.9E-05

5B

GO:0006397~mRNA processing

1.7E-04

5B

GO:0045995~regulation of embryonic development

5.5E-04

5B

GO:0007049~cell cycle

6.0E-04

5B

GO:0010014~meristem initiation

7.7E-04

5B

GO:0009944~polarity specification of adaxial/abaxial axis

9.0E-04

5B

GO:0042325~regulation of phosphorylation

1.1E-03

5B

GO:0071217~cellular response to external biotic stimulus

1.1E-03

5B

GO:0006888~ER to Golgi vesicle-mediated transport

1.7E-03

5B

GO:0006897~endocytosis

0.002

5B

GO:0010272~response to silver ion

0.002

5B

GO:2000024~regulation of leaf development

0.003

5B

GO:0006002~fructose 6-phosphate metabolic process

0.003

5B

GO:0006099~tricarboxylic acid cycle

0.003

5B

GO:0051301~cell division

0.004

5B

GO:0006610~ribosomal protein import into nucleus

0.004

5B

GO:0046898~response to cycloheximide

0.004

5B

GO:0010228~vegetative to reproductive phase transition of

0.004

meristem
5B

GO:0009845~seed germination

0.004

5B

GO:0009733~response to auxin

0.004
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5B

GO:0006325~chromatin organization

0.005

5B

GO:0042176~regulation of protein catabolic process

0.005

5B

GO:0000911~cytokinesis by cell plate formation

0.007

5B

GO:0008360~regulation of cell shape

0.007

5B

GO:0000059~protein import into nucleus, docking

0.007

5B

GO:0010073~meristem maintenance

0.008

5B

GO:0050790~regulation of catalytic activity

0.008

5B

GO:0006890~retrograde vesicle-mediated transport, Golgi to ER

0.008

5B

GO:0001666~response to hypoxia

0.009

5B

GO:0032012~regulation of ARF protein signal transduction

0.010

5B

GO:0009734~auxin-activated signaling pathway

0.012

5B

GO:0080060~integument development

0.012

5B

GO:0009620~response to fungus

0.013

5B

GO:0009651~response to salt stress

0.013

5B

GO:0000060~protein import into nucleus, translocation

0.015

5B

GO:0035194~posttranscriptional gene silencing by RNA

0.015

5B

GO:0009908~flower development

0.017

5B

GO:0006102~isocitrate metabolic process

0.018

5B

GO:0030163~protein catabolic process

0.022

5B

GO:0006075~(1->3)-beta-D-glucan biosynthetic process

0.022

5B

GO:0010540~basipetal auxin transport

0.023

5B

GO:0009965~leaf morphogenesis

0.026

5B

GO:0010380~regulation of chlorophyll biosynthetic process

0.029

5B

GO:0015031~protein transport

0.033

5B

GO:0000184~nuclear-transcribed mRNA catabolic process,

0.033

nonsense-mediated decay
5B

GO:0006446~regulation of translational initiation

0.034

5B

GO:0009555~pollen development

0.035

5B

GO:0006402~mRNA catabolic process

0.037

5B

GO:0017148~negative regulation of translation

0.037

5B

GO:0010265~SCF complex assembly

0.038

5B

GO:0010372~positive regulation of gibberellin

0.038

biosynthetic process
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5B

GO:0010393~galacturonan metabolic process

0.038

5B

GO:0015991~ATP hydrolysis coupled proton transport

0.039

5B

GO:0006891~intra-Golgi vesicle-mediated transport

0.039

5B

GO:0009615~response to virus

0.042

5B

GO:0000266~mitochondrial fission

0.042

5B

GO:0006607~NLS-bearing protein import into nucleus

0.042

5B

GO:0045892~negative regulation of transcription,

0.046

DNA-templated
5B

GO:0006096~glycolytic process

0.048

5C

GO:0009793~embryo development ending in seed dormancy

2.16E-06

5C

GO:0046686~response to cadmium ion

4.12E-06

5C

GO:0009768~photosynthesis, light harvesting in photosystem I

7.85E-05

5C

GO:0018298~protein-chromophore linkage

1.13E-04

5C

GO:0015979~photosynthesis

1.17E-04

5C

GO:0009769~photosynthesis, light harvesting in photosystem II

3.36E-04

5C

GO:0009658~chloroplast organization

3.86E-04

5C

GO:0006397~mRNA processing

6.08E-04

5C

GO:0008360~regulation of cell shape

7.66E-04

5C

GO:0016310~phosphorylation

0.001

5C

GO:0045038~protein import into chloroplast

0.002

thylakoid membrane
5C

GO:0009644~response to high light intensity

0.003

5C

GO:0006075~(1->3)-beta-D-glucan biosynthetic process

0.007

5C

GO:0048364~root development

0.007

5C

GO:0009765~photosynthesis, light harvesting

0.008

5C

GO:0010332~response to gamma radiation

0.008

5C

GO:0031047~gene silencing by RNA

0.013

5C

GO:0016569~covalent chromatin modification

0.015

5C

GO:0006281~DNA repair

0.018

5C

GO:0006289~nucleotide-excision repair

0.031

5C

GO:0016584~nucleosome positioning

0.032

5C

GO:0006418~tRNA aminoacylation for protein translation

0.038

5C

GO:0009416~response to light stimulus

0.051
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5C

GO:0009102~biotin biosynthetic process

0.052

5C

GO:0045053~protein retention in Golgi apparatus

0.052

5C

GO:0043044~ATP-dependent chromatin remodeling

0.052

5C

GO:0006541~glutamine metabolic process

0.053

5D

GO:0045184~establishment of protein localization

0.034

5D

GO:0015031~protein transport

0.034

5D

GO:0008104~protein localization

0.039

5D

GO:0050826~response to freezing

0.040
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Table 5.3. Cluster 5.4B genes involved in flower development. Genes are sorted into their
prospective pathways, which include gibberellic acid, photoperiod, autonomous, and the floral
meristem identity genes that initiate the transition to flowering. The genotypic response shows the
overall response of the genotypes to deacclimation at 72 hours.
Genotype
Gene

Impact on Flowering

DA-SENS

DA-TOL

Giberellic Acid Signaling Pathway
Casein Kinase 1 HD16

Represses

↑

↓

SPINDLY

Represses

↑

↓

Homeobox protein HAZ1

Stimulates

↑

↓

Protodermal Factor 2

Stimulates

↑

↓

TUDOR 1

Stimulates

↑

↓

TUDOR 2

Stimulates

↑

↓

Auxin Responsive Factor 1

Stimulates

↑

↓

Auxin Responsive Factor 6

Stimulates

↑

↓

Auxin Responsive Factor 16

Stimulates

↑

↓

Auxin Responsive Factor 19

Stimulates

↑

↓

SLK2

Stimulates

↑

↓

BAM1

Stimulates

↑

↓

REV6

Stimulates

↑

↓

SMC5

Stimulates

↑

↓

HUA1

Stimulates

↑

↓

Photoperiod Signaling Pathway

Floral Meristem Identity/Development Pathway

Autonomous Flowering Pathway
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LEUNIG

Represses

↑

↓

SEUSS

Represses

↑

↓

RRP6-like 2

Represses

↑

↓

RLT1

Represses

↑

↓

RBL

Represses

↑

↓

SIZ1

Represses

↑

↓
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Table 5.4. Gene Ontology Analysis identified significantly enriched Cellular Components
for clusters representing genotypic differences in response to deacclimation. P value
indicates the significance of the enrichment score.
Cellular Component
Cluster
5A
5A
5A
5A
5A
5A
5A
5A
5A
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B

Term

P value

GO:0005829~cytosol
GO:0009506~plasmodesma
GO:0005794~Golgi apparatus
GO:0005730~nucleolus
GO:0000932~cytoplasmic mRNA processing body
GO:0022626~cytosolic ribosome
GO:0005886~plasma membrane
GO:0030915~Smc5-Smc6 complex
GO:0005802~trans-Golgi network
GO:0005829~cytosol
GO:0009506~plasmodesma
GO:0005737~cytoplasm
GO:0005886~plasma membrane
GO:0030126~COPI vesicle coat
GO:0000502~proteasome complex
GO:0005730~nucleolus
GO:0005774~vacuolar membrane
GO:0000159~protein phosphatase type 2A complex
GO:0005773~vacuole
GO:0005794~Golgi apparatus
GO:0009524~phragmoplast
GO:0008541~proteasome regulatory particle, lid
GO:0000932~cytoplasmic mRNA processing body
subcomplex
GO:0016020~membrane
GO:0030127~COPII vesicle coat
GO:0034399~nuclear periphery
GO:0009514~glyoxysome
GO:0008540~proteasome regulatory particle, base
GO:0005634~nucleus
subcomplex
GO:0000325~plant-type vacuole
GO:0009570~chloroplast stroma
GO:0005874~microtubule
GO:0005777~peroxisome
GO:0000139~Golgi membrane
GO:0031595~nuclear proteasome complex
GO:0000148~1,3-beta-D-glucan synthase complex
GO:0005856~cytoskeleton
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0.00001
0.0002
0.01
0.01
0.01
0.02
0.03
0.03
0.05
1.13E6.92E66
1.19E20
3.22E15
3.89E14
6.55E07
1.26E07
1.41E06
4.82E06
7.77E06
5.02E06
9.10E05
9.21E05
1.39E05
3.71E04
7.50E04
9.64E04
0.001
04
0.003
0.003
0.003
0.004
0.004
0.010
0.011
0.014
0.014
0.018

5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5B
5C
5C
5C
5C
5C
5C
5C
5C
5C
5C
5C
5C
5C
5C
5C
5C
5C
5C
5C
5C
5C
5C
5C
5C
5C
5C
5D
5D
5D

GO:0005618~cell wall
GO:0005938~cell cortex
GO:0016282~eukaryotic 43S preinitiation complex
GO:0010494~cytoplasmic stress granule
GO:0005856~cytoskeleton
GO:0005618~cell wall
GO:0009507~chloroplast
GO:0005681~spliceosomal complex
GO:0009941~chloroplast envelope
GO:0033290~eukaryotic 48S preinitiation complex
GO:0005819~spindle
GO:0009507~chloroplast
GO:0005829~cytosol
GO:0009941~chloroplast envelope
GO:0009570~chloroplast stroma
GO:0030076~light-harvesting complex
GO:0009522~photosystem I
GO:0009523~photosystem II
GO:0009534~chloroplast thylakoid
GO:0010287~plastoglobule
GO:0009535~chloroplast thylakoid membrane
GO:0005774~vacuolar membrane
GO:0000148~1,3-beta-D-glucan synthase complex
GO:0005786~signal recognition particle, ER targeting
GO:0005802~trans-Golgi network
GO:0009536~plastid
GO:0042651~thylakoid membrane
GO:0080085~signal recognition particle
GO:0016020~membrane
GO:0005737~cytoplasm
GO:0009706~chloroplast inner membrane
GO:0031969~chloroplast membrane
GO:0010007~magnesium chelatase complex
GO:0005768~endosome
GO:0005681~spliceosomal complex
GO:0005773~vacuole
GO:0005874~microtubule
GO:0016021~integral to membrane
GO:0000502~proteasome complex
GO:0005794~Golgi apparatus
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0.024
0.035
0.042
0.042
0.018
0.024
0.044
0.046
0.048
0.050
0.052
4.52E4.82E16
2.57E14
3.20E13
2.34E12
2.04E05
3.86E04
4.42E04
4.83E04
8.66E04
0.003
04
0.005
0.008
0.011
0.017
0.017
0.017
0.022
0.023
0.028
0.032
0.034
0.038
0.038
0.048
0.052
0.013
0.022
0.048

Table 5.5. Gene Ontology Analysis identified significantly enriched KEGG Pathways for
clusters representing genotypic differences in response to deacclimation. P value
indicates the significance of the enrichment score.
KEGG Pathways
Cluster

Term

P value

5B

ath03015:mRNA surveillance pathway

1.19E-04

5B

ath03050:Proteasome

1.31E-04

5B

ath00020:Citrate cycle (TCA cycle)

0.005

5B

ath04144:Endocytosis

0.009

5B

ath00250:Alanine, aspartate &

0.020

glutamate metabolism
5C

ath00196:Photosynthesis - antenna proteins

3.44E-04

5C

ath00970:Aminoacyl-tRNA biosynthesis

0.009

5C

ath03015:mRNA surveillance pathway

0.034

5C

ath00860:Porphyrin and chlorophyll metabolism

0.040

5D

ath00480:Glutathione metabolism

0.039

5D

ath03050:Proteasome

0.047
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Figure 5.1. Principal Component Analysis (PCA) plot of the biological replicates using
the normalized expression counts (FDR < 0.5) filtered by R value > 0.8 (12,320 genes).
Dimensionality reduction (DIM) was used to reduce the complexity of the model and
avoid overfitting of data. Dim1(first PCA) accounted for a greater amount of the variation
(36.9%) between the biological replicates, than Dim2 that accounted for 21%.
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Gene number

Figure 5.2. Number of genes with statistically significant differences in expression
between each treatment comparison. The X axis indicates the treatment comparisons, and
the number of differentially expressed genes that fall into each category for either
genotype. This graph utilized the normalized expression counts (FDR < 0.5) filtered by R
value > 0.8 (12,320 genes).
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Figure 5.3. Heatmap generated from the 12,320 genes found to be significant (P > 0.05).
The genes are clustered based on hierarchal clustering. Expression values are normalized
for each gene into Z scores. Color indicates the relative increase (Red) or decrease (Blue)
in expression.

Z score

CA

DA24

DA72

DA-SENS

CA

DA24

DA-TOL
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DA72

Figure 5.4. Cluster Analysis showing conserved responses to deacclimation in both
genotypes. Clustering analysis on scaled log-transformed normalized read count of DEGs
identified co-expression gene clusters (P < 0.05) for each genotype at the three different
timepoints for 5.4A-4F. The number of genes belonging to each cluster is found in the
left corner of each figure. Gene features with expression correlation with centroids higher
than 0.8 were finally accepted into the clusters and the ones filtered out were assigned as
non-clustered DEGs. The black line indicates the mean expression levels, while the color
indicates the R score (correlation).
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Figure 5.5. Cluster Analysis showing differential responses to deacclimation between
genotypes based on clustering analysis on scaled log-transformed normalized read count
of DEGs identified co-expression gene clusters (P < 0.05) over three timepoints. Number
of genes within each cluster is indicated in the top left of each graph. Gene features with
expression correlation with centroids higher than 0.8 were finally accepted by the clusters
and the ones filtered out were assigned as non-clustered DEGs. The black line indicates
the mean expression levels, while the color indicates the R score (correlation).
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Figure 5.6. Normalized Read Counts of selected candidate genes examined in Chapter 3.
Candidate genes were blasted against the RNA sequencing dataset to examine the
responses of genes: (a) CBF3, (b) PIP1, (c) IRI-a, (d) IRI-b, (e) Prft1, and (f) 1-FEH.
Letters that are different indicate significant differences between means of read counts.
Bars indicate standard error between the three biological replicates.
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CHAPTER 6

CONCLUSIONS

6.1 VARIATION IN THE RESPONSE OF PERENNIAL RYEGRASS TO
DEACCLIMATION

Perennial ryegrass (Lolium perenne L.) is a cool-season perennial grass used for
turf and forage due to its beneficial agronomic traits. However, compared to other cool
season grass species, it is sensitive to temperature extremes, limiting its use and
productivity. Breeding practices have improved perennial ryegrass cultivars, but in a
limited capacity, in part due to premature deacclimation and challenges associated with
field evaluations.
To understand the genetic variation in perennial ryegrass to deacclimation, we
screened cultivars, accessions, and breeding germplasm in hopes of identifying materials
that can be used to examine the deacclimation response on a more physiological and
molecular level. Through our screening, we concluded that there is not much genetic
varation in response to deacclimation in perennial ryegrass, and that any differences are
small. This provides more challenges for breeding, small variation in this trait suggests
further difficulty in finding useful lines to cross with. However, we identified two
genotypes (T73 and S16), which were consistent and had the greatest differences in
freezing tolerance and response to deacclimation, for further analyses.
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6.2. RESPONSES OF CANDIDATE GENES INVOLVED IN FREEZING
TOLERANCE TO DEACCLIMATION
While there have been several studies on the physiological responses of plants to
cold acclimation, there is still much to be learned about the responses to deacclimation,
particularly when they occur prematurely in winter months. To gain further
understanding of such physiological and genetic responses during deacclimation, we
examined candidate gene expression using genes known to be important for the
acquisition of freezing tolerance in grasses. Our results showed that premature losses in
freezing tolerance after exposure to 4C for 1 day were associated with greater crown
moisture content, and higher expression of the aquaporin gene PIP1 during both cold
acclimation and deacclimation. Maintenance of freezing tolerance might not only rely on
gene expression during deacclimation, but also expression during cold acclimation, which
might help the plant hold on to freezing tolerance during short deacclimation durations.
We found this to be true regarding the genes IRI-a and IRI-b, along with fructan
metabolism genes Prft1 and 1-FEH. However, deacclimation sensitivity may be
connected with higher metabolic turnover in leaf tissue, regarding the fructan metabolism
genes. Transcription factors, such as CBF3, are more complicated in their expression and
further research will need to be conducted to conclude our hypotheses of the relationship
between CBF2 and CBF3, and its importance in maintenance of freezing tolerance. In
conclusion, differential regulation of genes involved in freezing tolerance are an
important part of the deacclimation response, but there are probably other genes involved
in the regulation that might be more critical in determining the response to deacclimation.

6.3. PHYSIOLOGICAL RESPONSES OF PERENNIAL RYEGRASS TO
DEACCLIMATION
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Our results from the previous study looking at changes in candidate genes
involved in freezing tolerance indicated that deacclimation sensitivity could be associated
with tissue rehydration and regrowth, leading us to further examine crown moisture
content and photosynthetic responses of perennial ryegrass to deacclimation. While
certain studies have shown that photochemical changes in response to cold acclimation
can be used as markers in determining overwintering capacity in perennial grasses, it is
important to understand that chlorophyll fluorescence measurements are easily changed
by the conditions and parameters in which they are taken, and therefore it becomes
difficult to compare results from other studies. In a study by Rapacz et al. (2008) looking
at both field and laboratory cold acclimation and deacclimation responses regarding
chlorophyll fluorescence parameters, differences in results between years and cultivars
indicated that high NPQ or low Fv/fm are not always correlated with overwintering.
Environmental conditions can change genotypic responses and can make it difficult to
use chlorophyll fluorescence measurements as a marker for breeding (Rapacz et al.,
2008). However, it is still a useful tool in understanding the response of photosynthesis to
cold acclimation and deacclimation, and in examining how different genotypes may be
predisposed to deacclimation based on those responses.
We concluded that perennial ryegrass genotypes showed a similar response in
photochemical efficiency, Quantum Yield, and Non-photochemical quenching during
cold acclimation and deacclimation. However, the higher photochemical efficiency
maintained by the genotype sensitive to deacclimation suggests that greater
photochemical activity might be negatively impacting the plants’ ability to maintain its
freezing tolerance during exposure to warmer temperatures, resulting in a quicker
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regrowth response. Higher crown moisture content during deacclimation can also
predispose plants to tissue rehydration and subsequent injury when temperatures
decrease.
6.4. GLOBAL TRANSCRIPTOMIC CHANGES ASSOCIATED WITH
DEACCLIMATION
To improve our understanding of deacclimation in perennial ryegrass and the
molecular changes associated with it, we used RNA sequencing to identify processes and
genes that change in response to deacclimation. Results indicated that while their
physiological responses to deacclimation vary, there are more shared responses between
the two genotypes at 24 hours of deacclimation, suggesting that the physiological
differences are controlled by differences at the cold acclimation level, and at more
prolonged deacclimation states (72 hours). Sensitivity to deacclimation can be associated
with genes involved in flowering, regrowth, photosynthesis and carbon metabolism at
cold acclimation and deacclimation, indicating physiological and transcriptomic
differences regarding the acquisition of freezing tolerance and its response to warmer
temperatures. Resistance to deacclimation might be more dependent on overall lower
expression levels of genes involved in photosynthesis and growth. Similarly, higher
expression of genes involved in the freezing response and glutathione metabolism during
cold acclimation and throughout deacclimation could assist plants in maintaining its
freezing tolerance during short exposure to deacclimation, and also give plants the
capacity to reacclimate after more prolonged deacclimation, which could be beneficial for
overwintering. This study successfully identified candidate genes for further
experimentation to understand traits involved in freezing tolerance for perennial ryegrass,
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that can aid in breeding efforts of this plant, and can be investigated for potential role of
freezing tolerance in other grass species.
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APPENDIX A

New Design
Due to the difficulty of harvesting crown tissue from frozen pots of sand, a new
design for assessing freezing tolerance and harvesting material for further studies was
created. Two-inch flats in clusters of four pods were filled with 70% polypropylene
plastic beads (Loops and Threads, Pellets, Item # 10400911, Michaels, Irving, TX) and
30% promix (High Porosity, PRO-MIX, Quakertown, PA). The beads allow for easy
removal of whole tillers, while the promix helped maintain moisture. When using the
new design, plants were harvested into individual tillers from pots beforehand, and
planted into the bead mixture before transfer to growth chambers for temperature
treatments. Temperatures inside the mixture were monitored to allow for certainty in the
temperatures being achieved at crown level.

Figure 1A. Examples of materials used when creating new design from left to right:
Mini Block Rockwool, Jiffy Greenhouse Pellets, and Cocoa Fabric.
New Design: 70% polypropylene plastic beads (Loops and Threads, Pellets, Item #
10400911, Michaels, Irving, TX) and 30% promix (High Porosity, PRO-MIX,
Quakertown, PA)
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Table1A: Overall ANOVA (A) and main effects ANOVA (B) of freezing tolerance runs
using traditional (soil) method and new design (beads) method. There are no statistical
differences between run, indicating no impact on freezing tolerance.

A.
Source DF

SS

MS

Model

32

216.3 6.8

Error

72

36.7

Total

104 253.0

F

P>F

13.27 0.0003

0.51

B.
Source

DF

SS

MS

F

P>F

Cultivar

4

102.4

25.6

50.3

<.0001

Replicate

3

1.2

0.38

0.8

0.5220

Treatment

2

94.9

47.5

93.3

<.0001

Run

1

0.4

0.4

0.8

0.3613

C*trt

8

9.8

1.2

2.4

0.0232

C*run

4

1.3

0.3

0.7

0.6207

C*trt*run

10

10.5

1.1

2.1

0.0380
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Figure 2A. Images of the planting process (top images) of perennial ryegrass into the new
design mixture. Bottom left image taken of plants in the growth chamber with Hobometer
temperature probes. Bottom right image taken of plants during harvest.
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Figure 3A. Hobometer temperatures of Hydroton clay pebbles (GF Agriculture, MD) and
Jiffy greenhouse pellet mediums, tested in a growth chamber set at -2C. Circles indicate
temperatures taken from pellets, while triangles indicate temperatures taken from clay.
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Figure 4A. Hobometer temperatures looking at the polypropylene bead and promix
mixture when plants were exposed to temperature treatments of 2C. Open circles
indicate normal irrigation, while open triangles reduced irrigation.
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APPENDIX B

Figure 1B. Signaling pathways that either enable or promote the floral transition
determine flowering time. Taken from Boss et al. (2004)
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Fig. 2B. Resetting, Repression and Promotion Phases in the plant life cycle. Taken from
Boss et al. (2004)
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